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Abstract
Shock wave (Hugoniot), shock temperature, and release data are presented
for several geophysically important, refractory materials. A sensitive multi-
channel optical pyrometer was developed to measure shock temperatures (2500
to 5600% at pressures from 48 to 117 GPa) in anorthite (CaAl 2Si20e) glass.
Shock temperatures of 3750 to 6000°K at pressures from 140 to 182 GPa were
measured in calcium oxide (CaO). Temperature data were used to constrain the
energetics of the Bl-B2 phase transition at 70 CPa ine-CaO, and to construct a
finite-strain equation of state for CaO consistent with previous Hugoniot data.
The new CaO equation of state was used with equation of state parameters
of other oxides to construct a theoretical mixed oxide Hugoniot of anorthite,
which is in agreement with new Hugoniot data above about 50 GPa, determined
using new experimental techniques developed in this study. The mixed oxide
model, however, overestimates the shock temperatures, and does not accurately
predict measured release paths. Both shock temperature and release data for
anorthite indicate that several high pressure phase regions of stability exist
above 50 GPa. A similar mixed oxide Hugoniot was constructed for lunar gab-
broic anorthosite, and agrees with two new Hugoniut points at 120 GPa. Release
data from lunar gabbroic anorthosite shocked to 120 GPa give evidence for
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shock vaporization.`
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Because the densities and bulk properties of CaO and the high pressure
phase or phases of anorthite -ire so close to those determined seismologically
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for the lower mantle, the amount of these materials present in the lower mantle
is not well constrained. The possibility of significant enrichment of the lower
mantle in these refractory materials, as predicted by inhomogeneous accretion
models, is still cpen.
A simple model is developed to explain the measured time dependences of
radiated light in the shock temperature experiments, and constrain the absorp-
tion coefficient of the shocked material. The absorption coefficient is found to
be an increasing function of shock pressure in shocked anorthite glass.
Hugoniot and release paths were determined using electromagnetic parti-
cle velocity gauges for San Gabriel anorthosite and San Marcos Gabbro shocked
to peak stresses between 5 and 11 GPa. The data indicate a loss of shear
strength in both rocks, and a partial phase transition of the anorthosite to a
denser phase. This implies that estimates of shock wave attenuation in these
materials based on elastic-plastic models are too high, and previously calculated
amounts of internal energy gained by surface materials from impact or explo-
sion events have been underestimated.
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NOW
Dynamic compression of materials by strong shock waves provides a unidae
method by which matter can be studied in the laboratory at high pressures and
temperatures. Shock waves have become a tool of both physicists and geophysi-
cists, and furnish a research area rich in possibilities for experimental innova-
tion. The purpose of this thesis is threefold: to develop new experimental shock
gave methods to study condensed matter under high pressure, to explain the
physics of experimental observations, and to apply the knowledge gained to
problems in solid earth geophysics.
In most experimental shock wave work, only the Rugoniot state is deter-
mined. The Hugoniot curve, or locus of shock states of a material with a
specified initial state, is useful in modeling high pressure bulk properties and
detecting phase transformations with large volume changes, but its sensitivity to
energies of transformation, specific heat, and Gruneisen parameter is limited.
The usefulness of shock temperature measurements in constraining Lhese ther-
mal properties has been demonstrated, as well as the need for more precision
and sensitivity in shock temperature measurement. A new optical pyrometer
was designed with this purpose, and is described in Appendix I. Calibration, of 	
k
this instrument is outlined in Appendix II, and determination of temperatures
from measured spectral radiances, along with the data, is presented in Appendix
IIL
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Chapter 1 illustrates the usefulness of shock temperature data in supple-
menting Hugoniot data to constrain the physical properties of materials at high
pressure. With both types of data taken together, the energy of the B1-132 phase
transformation of CaO is strongly constrained. Further constraint is provided
for both heat capacity and Gruneisen parameter. Chapter 2 points out the appli-
cation of temperature data to the detection of phase transformations which are
unresolvable with Hugoniot data alone, in the case of anorthite.
E	 Experimental shock wave research at 10p GPa pressures requires a large
w
	
	 investment for tittle data, It is therefore important to glean as much informa-
tion as possible from a given experiment. Chapter 3 contains an outline of three
-
	
	 approaches used to obtain shock wave Hugoniot data from experiments with
other primary objectives.
r
Hugoniot data by itself is useful in determining high pressure bulk proper-
ties of materials (i.e. bulk modulus, pressure derivative of the bulk modulus, and
zero pressure density of high pressure phases). Chapter 1 provides a good
example of an "inverse" problem--that is a least squares fit for these parameters
to measured Hugoniot data with an assumed functional form for the high pres-
sure behavior (third order finite strain). On the other hand, Chapter 3 illus-
trates the "forward" problem, in which these parameters are calculated based
on an o, priori model—in this case a mixture of the oxide components of, anorth-
ite and lunar anorthosite--and a theoretical Hugoniot is calculated. The validity
of the model is checked by comparing the theoretical Hugoniot to the measured
Hugoniot.
Release data can supplement temperature data as indicators of phase
transformations. Partial release states of shocked anorthite delineate possible
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regions of stability in Chapter 3, Partial release states of shocked lunar
anorthosite indicate vaporization upon release. At lower stresses, release data
can detect the loss of shear strength in shocked materials, as in Chapter 4 for
San Gabriel anorthosite and San Nk ; cos gabbro, In Appendix IV, an experimen-
tal technique is outlined which can determine an entire decotnpression path in a
single experiment. This approach may eventually be applied &I the problem of
determining principal isentropes of fluids.
The behavior of materials under high pressure is of geophysical interest for
two principal reasons. First, the static pressures present in the earth's interior
extend to 370 GPa, and knowledge of the high pressure physics of earth materi-
als is a prerequisite to understanding the earth's interior. Second, because of
the high dynamic pressures existing during the hypervelocity impact of bodies,
an understanding of behavior of earth materials under shock is necessary in
order to model impact and accretional processes.
In Chapters 1 and 3, the bulk properties of CaO and of the high pressure
phases of anorthite are compared to those determined seismologically for the
lower mantle. Because of the similarity in bulk properties, the possibility exists
for an enrichment of the lower mantle hi these materials, as predicted by inho-
mogeneous accretion theories.
The shock vaporization of lunar anorthosite suggested by the data in
s Chapter 3 has implications in cratering mechanics, and also supports the possi-
bility of an impact-origin of the moon. The measurement of rarefaction wave
^ velocit ies in Chapter 4 will allow more .precise calculations to be made of shock
wave decay in natural impacts, and more accurate estimates of energy parti-
tioning in such events.
f
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Chapter I
Shock Temperatures in CaO
ABSTRACT
Blackbody temperatures of CaO shocked to pressures from
140 to 162 GPa have been measured in the 3750 to 6000 °K 'range
using the Lawrence Livermore National Laboratory light gas gun,
These shock temperatures, along with Hugoniot, porous Hugoniot,
and isothermal data, wre used to construct equations of state for
the high pressure (B2) phase of CaO. The zero-pressure density of
the B2 phase is between 3.8 and 4.0 Mg f m3, and the B1-B2 transi-
tion energy is 2.1 to 2.3 W/g, The density and bulk modulus at
pressures from 70 to 134 GPa are similar to seismically deter-
mined values for the lower mantle. Thus, mixed-oxide models of
the lower mantle will be insensitive to the quantity of CaO
assumed,
Int vduc4on
The calciurri-bearing minerals perovskite (CaTiO3), melilite
(Ca2Al2Si07 —Ca2MgSi2O?), diopside (CaMgSi2Oe) and anorthite (CaAl2Si20a) are
among the first phases to condense from the solar nebula (Grossman and Lari-
mer,_1974). They are of geophysical importance because they are hosts for the
-5
actinide series elernenO,,^ U and Th, and because Ca is the most common large-
ion lithophile element In the solar system (Floss and Alter, 1976). In inhomogene-
ous accreti >:.n models (Turekian and Clark, 1969), the lower mantle is
signiflcantly enriched in these minerals. At the high pressures of the lower man-
tle (70 to 135 GPa), these minerals transform into a series of high pressure
phases (Liu, 1978, 1979) whose high pressure equation of state properties may
he close to those of their equivalent mixed, oxides (Boslough at at., 1983). Thus,
the high pressure behavior of CaO is of interest.
CaO exists in the BSI (NaCI) phase under standard conditions, and densities
calculates by extrapolation of its compression curve (e.g. Perez-Albuerne and
Drickamer, 1965, Chang and Graham, 1977, Mammone et al., 1981) to lower man-
tle pressures are significantly lower than seismologically determined lower man-
tle densities (e.g. Dzi--wonski at al., 1Q75, Anderson and Hart, 1976, Dziewonski
and Anderson, 1981, Fig. 1-1). Jeanloz at al. (1979) found that at about 70 GPa,
CaO undergoes a phase transition to the B2 (CsCI) structure, which is denser
than the B1 phase. At high pressure. the B2 phase of CaO has densities and
compressibilities which are clove to those of the mantle, according to Hugoniot
data (Jeanloz and Ahrens, 1980).
	
The reason for conducting shock temperature experiments on this material
	
3'
	is to characterize its thermal properties at high pressures. Not only can the
	 j
energetics of the B1-B2 phase transition be constrained, but the possible
existence of further phase transitions, such as melting, can be determined. The
temperature -pressure Hugoniot is much more sensitive to such transitions than ^I
	is the pressure-density Hugoniot (Lyzenga et a,,., 1983). Armed with well-
	 l'
constrained transition energies in this way, the adiabatic compression curve
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0 81 phase I (Jeanloz and Ahrens, 1980)
• B? prase, 16% porous Hugoniot Data (Marsh, 1980),wI
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Fig. 1-1 Single crystal Hugoniot data (Jeanloz and Ahrens, 1980), porous
	 # k`
Hugoniot data (Marsh, 1990), and static isothermal data (Mammone et al., 1981)
for CaO. Solid and dashed curves are low and high zero-pressure density fits to
H2 data, respectively. Calculated H1 isentrope based on ultrasonically deter-
	 j
mined values of Kos =112.5 GFa and K'OS=4.6, of Chang and Graham (1977). Lower
mantle curve based on PREM model of Dziewonski and Anderson (1981).
4
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(Kos and K OS in the Birch-Murnaghan approximation, .Davies, 1973) can be deter-
mined with better precision.
Experimental Keth,ods
Tae CaO samples were obtained from Oak Ridge National Laboratory where
they were grown by an arc-fusion process. They are from the same boule as
samples used by Jeanloz and Ahrens (1980), and are free from all but trace
impurities. Because optical methods are used to determine the shock tempera-
ture, samples ideally should be perfectly transparent. These samples appear
bluish in color, due to the Rayleigh scattering of white light by microbubbles
inherently present in highly pure crystals grown by the arc-fusion method (Abra-
ham et al., 1971). A Cary 17 spectrophotometer was used to measure the absor-
	
bane,e. at visible and near infrared wavelengths (Fig. 1-2). It demonstrates an	 {
a.
approximate \* dependence, as is expected with Rayleigh scattering (Jackson,
1975).
	
There is some evidence for minute amounts of hydration in the form of 	 r
	
portlandite (Ca(OH)w) in infrared spectra (Jeanloz and Ahrens, 1980). Both the 	 i
microbub6tes and the portlandite should lead to bulk densities which are lower
than the x-ray density. This is observed; densities of samples used range from
3.341 to 3.345 Mg/ m3, compared to the x-ray density of 3.345 Mg/ m3. Samples
were approximately 3 mm thick and 17 mm wide, ar;d both surfaces were pol-
ished to optical quality. They were mounted on copper driver plates and
shocked to pressures from 140 to92 GPa by 2 mm thick copper and tantalum
3
flyer plates fined from the Lawrence Livermc:e Laboratory light gas gun
(Mitchell and Nellis, 1981) at speeds from 6.3 to 7.1 km/s.
F
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Fig. 1-2 Absorbance spectrum of a rep
resentative sample of CaO, measured with
Cary 17 Spectrophotometer. Theoretical curve is of form: [h, (^'0244 + /.4]d with
h.d. 1.0. Ad. 0.1, and X, 400nm'.
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The projectile velocity is determined by flash radiography, and this is used
in an impedance snatch solution (Rice of al., 1958) to Calculate the shock pres-
sure in the CaO. Thern:A.l radiation is emitted from the shocked material and
transmitted through the unshocked portion of the sample, which acts as a win-
dow. The intensity of the licyht is measured at six wavetengths in the risible and
near infrared with an optical pyrometer (Lyzenga and Ahrens, 1979). The meas-
ured spectral radiances are used to calculate the shock temperature,
In an ideal situation in which the sample is initially perfectly transparent,
the shocked sample is perfectly opaque, and thr shock wave is planar, parallel
to the sample faces, 4ad exhibits no time dependent behavior, the shock wave
profile would appear as in Fig. 1-3. At time t t , the shock wave entem the trans-
parent sample from the opaque driver plate. The shocked material immediately
begins to radiate at an intensity determined by its temperature, and the signal
increases suddenly to R5. As the shock wave approaches the free surface, it is
steady so the signal is constant. At time t, 2 the shock reaches the free surface
and reflects as a rarefaction. The light intensity drops to RR, characteristic of
the residua.:„ post-shock temperature.
Results and Discussion
A typical shot record from this study is shown in Fig. 1-4. It deviates from
the ideal case in two principal ways. First, the rise from t o to tb
 is not instan-
taneous, but is nearly 50 ns. Second, the light intensity is not constant during
shock transit, but increases approximately linearly with time.
The long rise time cannot be accounted for by the HP5082-4207 photodiode
rise tune, which is approximately 1 ns (Lyzen," and Ahrens, 1979) nor is it due
i
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Fig. 1-3 Hypothetical shock temperature record for ideal case where initial 
state is perfectly transparent and shock state is perfect black body. Shock 
wave enters sample at time tl and reaches free surface at t 2• Rs and RR are 
spectral radiances cbaracteristic of shock temperature and post-shock tem-
~erature. respectively. 
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Fig. 1-4 Shock temperature record for shot Ca03T at A = 508nm. Time t,: shock
wave enters sample, light is scattered indirectly to detector. Time t b : shock
wave enters detector field of view. Time t c : shock wave reaches free surface;
spectral radiance is read at this point.
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to shock wave tilt within the field of view of the photodiode. The active area of
the detector is about i min in diameter, and the optics demagnify the image by
a factor of 0.43, so the field of view is 2.3 mm. The maximum projectile tilt is
0.05 radians (Mitchell and Nellis, 1981). At typical projectile velocities of
8mm/ µs, the maximum time interval for the line of intersection between shock
front and driver/sample interface to cross the field of view is 20 ns; insufficient
to account for the measured time lag. Because the samples are strong optical
	
r	 scatterers, the material within the detector field of view begins scattering lights
from the shock wave the instant it enters at one edge of the sample. The line of
intersection between shock front and driver/sample interface can take as much
as 70 ns to sweep across the 8 mm from the sample edge into the photodetector
4j
	k i
	 field of view, accounting for the long observed rise times. Unfortunately,
finterference from this scattered light precludes precise determination of the
shock transit times, so these experiments cannot be used to determine
	
}	 Hugoniot states (e.g. Boslough et al., 1983 for anorthite glass).
The approximately linear increase in light intensity with time as the shock
wave propagates through the sample can be explained by scattering and absorp-
tion of light. The intensity of light transmitted through a medium is decreased 	 t
by a factor of e'G'*hid, where µ is the linear absorption coefficient, h is the {	 t
extinction coefficient due to scattering, and d is the light propagation distance 	 {`"
through the medium. This distance is (t,—t)U,, where U. is the shock velocity,
and t, is the time of shock arrival at the free surface. For (A+h)d<<l, the light
intensity is
v4.'
s
•i
which increases linearly with time. At t=t° , the measured intensity is equal to
the radiated intensity, so shot records were read at free surface arrival t,.
The ratio of initial intensity Ib to final intensity I ° was found to be smaller at
shorter wavelengths, consistent with Rayleigh scattering. In Table 1-1, meas-
ured values are tabulated for shot Ca03T, along with the best fitting theoretical
values which assume a wavelength,. dependent Rayleigh scattering component
h = ho I x, and a wavelength independent absorption component A. The effects
'E
of the two sources of attenuation are about equal at X=450 nm, and the
'i
wavelength independent component dominates at a=702 nm.	 F!z
Shock Temperatures
Two approaches were used to determine shock temperatures from optical
pyrometer shot records. Both involve least squares fitting the spectral radiance
data to a Planck distribution function (Appendix III). In method (a), both the
emissivity and temperature are varied to obtain the best fit. In method (b) only
the temperature is allowed to vary; the emissivity is assumed to be unity--
equivalent to the assumption of a black body.
Temperatures and emissivities calculated via methods (a) and (b) are
presented in Table 1-2 with the standard deviations o and mean fractional devia-
tions	 .. Pressures are calculated from an impedance match solution using the
k
measured impact velocity and the known Hugoniots of the flyer materials
(McQueen et al., 1970) and CaO (Jeanloz and Ahrens, 1980). In two of the three
experiments the best emssivities are greater than unity--an unphysical situa-
tion. In all experiments method a does not give significantly better agreementX 	 O	 _	 B -	g	 Y	 g	 i	 s
,F
t
Table I--'
Shot Ca03T measured and theoretical intensity ratios
Mr
Ob A^,-A
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Table 1-2
Calcium Oxide Shock Temperature Data
s:
I"
ro
^1
3
m
e.,
r
f
E
w
r	 (a): best fit with Planck function and variable c
t:	 s^
(b): best fit with Planck function and a = 1 (blackbody)
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Shot Flyer/Driver
Material
Projectile
Velocity
(km/s)
Initial
Density
(MB/ ms)
Pressure
(GPs)
Method
Temperature Calculation
c	 T	 o
(IK)	 (W/ sr ms)
a/R^,
Ca02T Cu/Cu 6.258 313449 140.1 (a) 0.60 4075 518 0.25
+1055 *.0013 *1,9 *156 x10.11
(b) ,G,00 3746 7.8 0.34
*176 x10111
Ca01T Cu/Cu 7. 102 3 .3422 171.0 (a) 1.09 5242 3.4 0.21
*.025 *:0012 *1.2 *222 X10.12
(b) 1.00 5333 3.5 0.21
*238 X10.10
Ce03T Ta/Cu 8.457 3.3411 181.4 (a) 1.15 5899 4,2 0.14
*.027 *.0014 *1.2 *195 X10.10
(b) 1.00 8083 4.5 0.15
*225 X10.12
F
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than method (b), a;s measured by the standard deviation. Shot Ca02T was the
only experiment which led to a best fit with c<l. If the emissivity were really
0.6, as determined by the fit, one would expect to see the time dependent
behavior similar to that observed in forsterite by ,Ahrens at at. (1982) or anorth-
Ite glass at tower pressures (Boslough at at., 1983), due to the increasing thick-
ness of the shocked material with time, unless the shock front is opaque and has
a finite reflectivity. Because this is not observed, it is reasonable to conclude
that the emissivity is close to unity for all three experiments.
Equation of State
Shock temperatures determined by methods (a) and (b) are plotted in the
P-T plane in Fig. 1-5, along with a theoretical calculation by the method of
Ahrens at act. (1969), based on parameters of Jeanloz and Ahrens (1980), and a
Dulong-Petit specific heat C"= 3R. If the temperatures calculated by method (a)
are believed, there is strong evidence for a phase transition at about 4000°K,
with a transition energy, E t, tO.5 kJ/ g. We do not favor this interpretation, but
include it for compkr teness.
The results of method (b) (blackbody temperatures) are preferred for rea-
sons outlined above, and there is no evidence for a phase transition at or above
4000°K based on these temperatures. However, all three measured tempera-
tures lie about 600°K below the theoretical curve of Jeanloz and Ahrens, indicat-
ing that Etr, the energy of transition between the initial state and the metastable
final phase at standard conditions, is actually larger than the value used in the I	 I
-17-
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Fig. 1-5 Shock temperature data determined by methz)d (4) (V01-0) and method(b) (blackbody). Calculated Hug oniots based on Jeanloz and Ahrens (1980) andboth low and high zero-pressure-density solutions of this paper.
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One possible interpretation is a second phase transition below 140 GFa.
This phase transition would have to have an E R,,;t'0.5 k3/ g, unless der tur the B 1 to
B2 transition Is significantly less than 1.6 kJ/g, which is unlikely. Such a small
Eta would probably not result from melting, which would be expected to have an
Eir of around 14 kJ/g, the latent heat of fusion at 1 atmosphere (Roble et al.,
1979).
If the H2 phase indeed exists on the Hugoniot to 182 GPa, a complete equa-
tion of state for that phase can be constructed from the present data. Rather
than simply assuming the parameters determined by Jeanloz a:nd Ahrens and
finding the Etr which provided the best ag reement tc the new temperature data,
all the available data for the B2 phase were simultaneously f1t. This included
porous Hugoniot data (Marsh, 1980), and isothermal data (Marrunone et at.,
1981). The inversion procedure Yas based on third order finite strain theory
(Davies, 1973) and the Mie-Gruneisen approximation, with
	
assumed constant,
where y is the thermodynamic Gruneisen parameter V ap . Despite the abun-
v
dance of data, a wide range of values provided good conformity. Parameters for
the two extreme models are given in Table 1-8, based on zero pressure densities
of 3.8 and 4. 0 g/cros.
Curves calculated with these parameters are plotted with the shock tem-
perature data in Fig. 1-5, and with the isothermal and Hugoniot data in Fig. 1-1.
Both the low and high density solutions give approximately the same curve in
the P-T plane, but the high density equation of state requires a 0.2 kJ/g greater
energy of transition. The slope of the theoretical curve is determined primarily
by the specific heat. It is in good agreement with the data, indicating that the
Table 1-3
Fits to CaO B2 date,
Low density fit High density fit
p (mg/ M3) 3,8 4.0
K,, (GPa) 121.0 19C.0
dKc/df.` 5.2 4.0
Etr (kJ/8) 211 2.3
YO 1.8 1.8
i
t}S
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Bulona-Petit value (C. =3R) is a good approximation for CaO, in contrast to
anorthite (Boslough at al., 1983) and quartz (Lyzenga at at., 1983),
Conclusions
The first shock temperature data have been presented for CaO to 182 CPa.
They can be tit well with theoretical shock temperature calculations for CaO in
the B2 phase and allow a precise energy of transition (2.1 to 2.3 kJ/g at STP) to
be determined for the B1-B2 phrase transformation. This Ev in turn provides
further constraint for calculating the bulk modulus and its pressure derivative
from Hugoniot data, A range of equations of Mate were determined in thi9
manner. The equation of state with the lowest zero pressure density in the
range dogs not differ greatly from that of Jeanloz and Ahrens (1980) but is
better constrained. At lower mantle pressures, the present models predict den-
sities of CaO to be lower than the lower mantle by up to 1.3%, and bulk moduli
greater by 3 to 13%. Thus, depending on the bulk properties of the other com-
ponents of ower mantle models, and the particular model used, CaO cannot be
precluded as a major component of the lower mantle on the bads of its density
and bulk modulus. However, because such a wide range of equations of state for
the B2 phase are indistinguishable with the data, theoretical considerations may
be necessary to choose the best equation of sate.
9
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Chapter 2
Shock Temperatures in Anorthite Glass
ABSTRACT
Temperatures of CaAl2Siz48 (anorthite glass) shocked to pres-
sures between 48 and 117 GPa have been measured in the range
from 2500 to 5600°x, using optical pyrometry techniques. The
pressure dependence of the shock temperatures deviates
significantly from predictions based on a single high-pressure
phase. At ieast three prase transitions, at pressures of about ,55,
85, and 100 GPa and with transition energies of about 0.5 kJ/g each
(;e1.5 kJ/g total) ace required to explain the shock-temperature
data. The phase transition at 100 GPa can possibly be identified
with the stishovite melting transition. Theoretical models of the
time dependence of the thermal radiation from the shocked
anorthite based on the geometry of the experiment and the
absorptive properties of the shocked material give good agreement
with observations, indicating that it is not necessary to invoke
intrinsic time dependences i,u explain the data in Many cases.
Observed time dependences were used to calculate absorption
coefficient of the shocked material of from 1 to >14 mm -1; an
increasing function of shock pressure. The assumption that the
shocked material radiates as a blackbody is supported by the
y
_. t
F1 -26-
theoretical model, and by the close agreement between measured
and calculated blackbody spectral radiance as a function of
wavelength.
Introduction
Because of the cosmochemical abundance of Ca and Al, and the refractory
nature of calcium-aluminum silicates such as anorthite, their high pressure
polymorphs are important to consider in any model of the earth's mantle.
]Models for the earth`s composition based on chondritic abundances predict
atomic abundance ratios of Sap 0.05 and Si p 0,07 (Ross 8e Aller,197M. It is
possible however, that the lower mantle is significantly enriched relative to the
Whole earth in calcium-aluminum silicates, because these are among the Brst
phases to condense from the solar nebula (Grossman & Larimer, 1974) and
accrete onto the earth, in inhomogeneous accretion models (Turekian & Clark,
1969). Moreover, the construction of equations of state for anorthosite are key
ingredients in carrying out cratering calculations for impacts on the crusts of
terrestrial planets (Ahrens & O'Keefe, 1977, 1963), and in determining quantities
of melting and vaporization resulting from such an impact (Boslough & Ahrens,
1983).
f
r
'i
In previous work on anorthite, a high pressure equation of state to pres-
sures greater than 120 GPa has been constructed by Jeanloz & Ahrens (1960) 	 I
based on Hugoniot data only. This equation of state is incomplete in that the
thermal behavior of the shocked material was inferred from pressure-density
states only. The parameter which is most sensitive to thermal properties and
,l
i „fit
14r
a4 ,
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Aillow
energetics of phase transitions, namely the temperature, was not measured.
Past work (Kormer et al., 1965, Ahrens et al., 1982, Lyzenga et al., 1983,
Boslough et al., 1953a) has demonstrated the usefulness of shock-temperature
data in constraining the high-pressure-high-temperature properties of materi-
als, and in defining phase transitions. For example, the stishovite melting curve
was determined from shock-temperature data on a-quartz and fused quartz.
This phase transition is readily apparent from the temperature data, but is not
at all obvious from Hugoniot data in the pressure-density plane (Lyzenga et al.,
1983). It is reasonable to expect similar results for other materials. The pur-
pose of the present study was to measure temperatures of shocked anorthite
glass using the optical pyrometry technique, and determine the high-pressure
thermal behavior of CaAIESizOO.
Ezperimentat
Amorphous CaAl2Si2O8 samples, with measured A.rchimedean initial densi-
ties of 2.69 Mg/m3 were used in these shock-temperature experiments. The,
samples, obtained from Corning Glass Co. (Corning, N.Y.), were clear and homo-
geneous, with a composition described by An99.5 Ab OA QrO.1 — essentially the com-
position of pure anorthite. A microprobe analysis of a representative sample is 	 1
.a
given in terms of oxides in Table 2-1. The transmittance of a 3mm thick, pol- 	 a§
ished sample of the glass over the wavelength range of interest is shown in Fig.
2-1, measured with a Cary Model 17 spectrophotometer.
AShock experiments were carried out on two-stage light-gas guns at the Cali-
1	 141
fornia Institute of Technology and Lawrence Livermore National Laboratory.
Copper and tantalum projectiles were accelerated to velocities between 3.7 and
a
J.
^.1
r
f
Table 2-1
Electron microprobe analysis of anorthite glass (Corning)
Oxide Wt.
Na20 0.05
Mg0 0.00
Al203 36.36
SiO2 43.46
X20 0.01
CaO 20.73
Ti02 0.06
Fe0 0.04
BaO 0.03
Total 100.76
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CaAl2 Si2 O8 Glass Optical Properties
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Fig. 2-1. Transmittance spectrum of a representative sample of CaAl 2Si208
 glass
(sample An7T), measured by Cary 1,7 spectrophotometer. Transmittance shows
negligible wavelength dependence between wavelength limits of optical pyrome-
ters (dashed lines).
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5.7 km/s. Projectile velocities were determined using flash X-radiography, as
described elsewhere (Jeanloz & Ahrens, 1977; Mitchell & Nellis, 1981). Shock
pressures were determined by the method of impedance matching (Rice el al.,
1958) and using the standard equation of state of McQueen et al. (1970) for tan-
talum and copper, and the Hugoniot of Boslough et al. (1983b), for the anorthite
glass.
Temperatures were determined by measuring the intensity of thermally
radiated light at several wavelengths in the visible and near infrared
wavelengths. The thermal radiation was filtered by interference filters and
focused onto silicon photodiodes. The resulting electrical signals were recorded
by an array of oscilloscopes with Polaroid cameras. The recorded time-resolved
voltages are directly proportional to the spectral radiances . of the thermal radi-
ation. Calibration of the pyrometer systems wars carried out using light sources
with known spectral radiances in the wavelength range in which measurements
were made. The two optical pyrometers used in this study are described in
detail by Lyzenga .& Ahrens (1979) and in Appendix I and II.
Results
Eight shock temperature experiments were conducted on anorthite glass;
three using a 10 nrn bandwidth six-channel optical pyrometer at Lawrence Liver-
more National Laboratory (Lyzenga & Ahrens, 1979), and five using a 40 nm
bandwidth four-channel optical pyrometer at the California Institute of Technol-
ogy (Appendix I). Representative data are shown in Figs. 2-2 and 2-3.
Three general types of time-dependence were observed.	 In shots An6T,
An5T, and An3T--the three experiments below 70 GPa--the sharp increase in
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Fig. 2-3. Shock temperature record for shot An9T: P=85 GPa, T=4000°K,
A=750nrn. Time dependence can only be explained by unsteady shock. Signal
voltage is directly proportional to the intensity of the radiated light at 750nm.
0
r ^,
err
i
s
ko"
;t
-33.
Intensity corresponding to the entrance of the shock wave into the sample is fol-
lowed by an exponential decay to an approximately constant value (Fig, 2.2a).
In shots A.n2T, An"r T, AnIT, and An1UT-four experiments above 89 GPa--the light
intensity remains constant to within about 109 until the shock wave reaches the
free surface or isr overtaken by an edge rarefaction (Fig. 2-2b), Shot An9T--to
about 88 GPa--shows an anomalous behavior, in which the intensity decreases at
a nonuniform rate during shot transit (Fig. 2-3).
There are three causes which could account for time dependence in the
emitted light; temperature dependence, emissivity dependences, or time
dependence of the absorption or scattering of an intervening layer. All three of
these causes are invoked to explain the observed time dependences. It is impor-
tant to note that the observed light i,s not necessarily radiated from only the
shock front unless the shocked material is perfectly opaque. In general, a
material that is irdtially semi-transparent, with initial linear absorption
coefficient a„ is shoctsed to a state with linear absorption coefficient a, and tem-
perature T. The absorbance of the unshocked layer is Au
 a °ud", and the
shocked layer is A, = e °'d', where do and d, are the thicknesses of unshocked
and shocked layers, respectively. According to Kirchofi's radiation law for a
non-reflector (Jenkins & White, 1978) the emissivity of a layer is equal to its
absorbance. If the sample thickness is d, the shock velocity is U„ and graybody
light (with a Planckian wavelength distribution and an emissivity less than unity)
is radiated only from the shocked layer at constant temperature T, the time
dependence will be
lr'
ci
L
I'M
 = fa(T) (1-e '.nIl a-a„(d - U y,	 (2-1)
t
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where fx(T) Is the Planck distribution function. In the case of anorthite glass, 	 f
the initial state is essentially transparent (,Fig. 2-1), so ay=Q and this becomes:	 i
,C
1,(t) 
= fh(T)(1 - e-a U01{	 (2-2)
It is also necessary to consider the effect of light generated at the interface
between the driver and sample material, due to the non-ideality of the surfaces,
which, despite their optical, quality, have imperfections which leave a gap on the
order of 1µm.. wide as determined by counting visible fringes (Newton rings) with
an optical flat.
The temperature at the interfaes due to passage of the shock wave is higher
than the shock temperature of either boundary material, due to multiple rever-
beration (Urtiew & Grover, 1974) and shock heating of any gas trapped in the
gap. The temperature decay as a 'function of time at the interface can be
modeled simply as a Fourier diffusion boundary value problem in one dimension.
The metallic driver is considered to be a thermally conducting half-space with
initial temperature Td, the shock temperature of the driver, and thermal
diffusivity sc. The sample is modelled as .a thermal insulator. This problem is
solved by Carslaw & Jaeger (1959, p.51). The solution is
l ) = d	 —xa/ 49t,T x,t T + 2pCv^
where t is the time after impact, x is the distance of a point in the driver from
the interface, Q is the quantity of heat per unit area (unknown) deposited at the
interface by the closing of the gap, and p and Cv are the density and the specific
heat at constant volume of the driver material, respectively. The time
•JZy
(2-3)
l-
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dependence of the interface temperature is
T1(t) = T(O,t) = Td
 + Ct-1/2.	 (2-4:)
If the interface radiates as a blackbody, the observed light intensity from it
(with attenuation due to the growing shocked layer) is
I1(t) f.\(Td + Ct-1,2)e-Nuot	 (2-5)
The total light intensity observed is due to both sources (Egns. 2-1 and 2-5)
I(t) _ 1.\(T)(1—e-°9U.^) + fx(Td+Ct-1/2)e -".u't.	 (2-6)
One can easily see that for t >> 1
 , the shocked layer is effectively an
a,U,
opaque blackbody, and there is no time dependence in the observed intensity.
For sufficiently large a,, this occurs at t smaller than the rise time of the pyrom-
eter photodiode and no time dependent behavior is observed at all. This is
observed in shots An1T, An7T, and An10T (Fig. 2-2b).
For smaller a9, the time dependence is depicted schematically in Fig. 2-4,
and is illustrated by the spectral radiance observed in shot An3T in Fig. 2-5. The
contribution due to the shocked sample increases from zero, when the shock
wave enters the simple, asymptotically to f,\(T), the intensity of a blackbody at
temperature T, with a time constant r = 1 The interface contribution
a,Us
decreases from infinity (because of the idealized assumption that all the heat is
deposited at the two-dimensional interface) to zero, with a time constant r <
1 , because the source is also decaying with time. The observed light
a.U.
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Fig. 2 -5. Measured spectral radiance from shot An3T (P = 66 GPa.
T = 3000°K) at  = 650nm. The measured time dependence can be fit by a func-
tion of the form: A(1—e -°t) + Bt-1/2 e -a'. an approximation of equation (2-6),
with A 4.3X10 11 WSr- Im-3, B 8.2x1012
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intensity is the ruin which decreases asymptotically to f, \(T), with an effective
decay time bounded above by 1	 Tbis io the time dependence observed in
a,U,
shots An2T, An3T, An5T, and AneT (Fig. 2-2a).
One experiment, An9T, exhibits time-dependent behavior not accounted for
by this simple model. The intensity of the emitted light decreases in steps as
the shock wave passes through the sample, indicating that the time-dependence
is in the shock front itself, as a fluctuation in temperature, absorption
coefficient, or both. This is similar to behavior observed in fused quartz shocked
to the stishovite -liquid mixed phase region by Lyzenga et at. (1983), which they
interpret as a possible rate dependent behavior due to metastability near the
phase transition pressure.
In the simple model developed above (Eq. 2-6), the linear absorption
coefficient a, for the shocked anorthite can be constrained by measuring the
effective decay times from the oscilloscope records for the shots whose results
agree with the model. The upper bound for a, is
	
	 T Lr . These values are
U.
tabulated in Table 2-2. The bound on a, is seen to be an increasing function of
shock pressure.
i
CaAJIA20® Shock Temperatures
Temperatures were calculated from the spectral radiance data by fitting.;
them to a Planck function, as outlined in Appendix III. This was done in two ways
for each experiment. First, a least squares fit is carried out in which both the
temperature T and emissivity a are independent variables. The temperatures
t:
and emissivities determined in. this manner are given in Table 2-3, along with the
f
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Table 2-2 .
Hounds on absorptivity of shocked ariorthite glass
Shot Ir
s
Ue
mm/ s=
a.,..
(mm-1 )
Pressure
GPa
An6T 0.15 6.5 1.0 50.3
An5T 0.10 7.0 1.4 57.0
An3T 0.08 7.7 1.6 68.2
An2T 0.01 8.6 12 90.4
Others <0.007 <10. >14 >93.1
1
rU.
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Table 2-3
Anorthite Glass Shock Temperature Data
Shot Flyer/
Driver
Material
Projectile	 Initial
Velocity	 Density
(km/sec) (Mg/ m3)
P ressure
(GPa)
Temperature Calculation
Method
	 c	 T	 o	 a/Ra
('K)	 (w/ sr 1113)
An6T Cu/Cu 3.72 2.6908 48.3 (a) 1.76 2323 0.2 0.02
*.10 +.0010 +2.2 *5 X10.10
(b) 1.00 2481 1.4 0.13
+37 x10.10
An5T Cu/Cu 4.038 2.6909 55.0 (a) 0.95 2723 2.7 0.12
+.002 1.0013 .+1.1 *37 40.10
(b) 1.00 2714 2.8 0.12
*39 40.10
An3T Cu/Cu 4.536 2.6900 66.4 (a) 1.05 2997 1.5 0.30
*.006 *.0010 +1.2 +104 x10.11(b) 1.00 3017 1.5 0.30
*105 x10.11
An9T Cu/Cu 5.255 2.6953 84. 5 (a) 1.01 4002 1.2 0.03
003 *.0012 *1.3 *21 x10.11(b) 1.00 4010 1.3 0.04
*22 x10.11
An2T Cu/Cu 5.455 2 .6899 89.9 (a) 1.34 3802 0.4 0.01
*.010 *.0011 *1.3 *6 x10.11(b) 1.00 3955 4.0 0.12
*71 x10.11
An7T Cu/Cu 5.563 2.6927 92.9 (c) 1.00 4564
*. 006 *.0011 *1.2 1:104 
An1T Ta/Ta 5.678 2.6893 111.5 (a) 1.24 4904 1.1 0.08
+,010 *.0011 *1.3 +76 40.12(b) 1.00 5110 1.6 0.12
*122 x10.12
An10T Ta/Cu 5.562 2.6944 116.8 (a) 0.91 5741 3.5 0.19
.+.003 +.0012 .+1,1 *218 x10.12
(b) 1.00 5625 3.6 0.20
*214 x10,12
(a): best St with Planck function and variable r
(b): best flt with Planck function and z=1 (blackbody)
(c): brightness temperature
y'Y
t
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standard deviation a and the mean fractional deviation al
	
of the fit. There	
4
appears to be no zorrelation between the shock pressure and the emissivity 	 f;
r
which gives the beat fit, and in the majority of cases the best fitting emissivity is
greater than unity- -an unphysical situation.
Because of this discrepancy, and the fact that the model developed in the
previous section implies that the observed intensity corresponds to a blackbody
on the asymptote, temperatures were also calculated assuming r = 1.0, and con-
ducting a standard single variable least squares fit for T.
In four of the eight anorthite shots, the best fitting emissivities are within
10% of unity, and the goodness of the fits, as determined by the standard devia-
tions are not significantly reduced by requiring that e = 1.0. In three s',iots, the
best fitting emissivities are significantly greater than unity. Two of these shots,
An2T and An6T, have extremely good fits, with mean fractional standard devia-
tions of . 01 and .02, respectively. However, the emissivities which give rise to
these fits are 1 . 34 and 1 . 76, respectively; unphysical values which imply that the
quality of the fits is fortuitous. When the inversion is carried out with an emis-
sivity of unity for these three shots, however, the qualities of the fits are still
comparable to those for the other experiments.
In one shot, (An7T), the spectral radiance was obtained at only one
wavelength. The shock temperature of this shot was assumed to be the bright-
nass temperature. This assumption is based on the close agreement between
i^
I
0
Sf
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In the other seven shots, the temperature errors were determined sys-
tematically by the equation
AT ONfT (T,,\ = 600nm) '
where aN is the standard deviation in spectral radiance, and fT(T,X) the partial
derivative'of the Planck distribution function with respect to temperature. The
partial derivative was evaluated at a wavelength of 600 nm, because this is near
the middle of the widest wavelength range used.
The intensities used in the temperature calculations were taken from the
oscilloscope records as indicated in Figs. 2-2 and 2-3. According to the simple
model, the intensity of light most representative of thermal radiation from the
shocked region of the sample is just before the shock wave arrives at the free
surface. In all but one case, that is where the oscillograms were read. In the
other case, shot An9T the shack wave begins to decay before it approaches the
free surface, apparently due to an edge rarefaction. Thr intensity was taken
from this set of shot records just prior to the beginning of the decay of the
shock wave. The spectral radiances determined in thi4 manner are tabulated in
Appendix III, along with plots which show the measured spectral radiances and
those calculated for the blackbody temperatures which give the best fits. The
results of shot An9T are illustrated in Fig. 2-6.
Temperatures determined by both of these methods, along with their
respective emissivities, standard deviations in spectral radiance and fractional
(2-7)
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Fig. 2-6.	 Spectral radiance measured in shot An9T at four wavelengths. Bestfitting blackbody curve is plotted.
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with a tit to the U.—up data obtained in the Hugoniot experiments on anorthite
glass (Boslough et al., 1983). These impedance-match determined pressures are
the preferred values to use when modelling Lhe pressure-Leemperature Hugoniot,
despite the fact that pressures were determined more directly for each shot by
measuring shock-transit times. In the more direct pressure determination, pro-
jectile and shock velocity must both be measured. The precision by which the
shock velocity can be measured is not as high as that of the projectile velocity
measurement, and larger random errors can be introduced. In the impedance-
match method, only the projectile velocity is used, which can be measured to
better than t0.2%, and a curve which is determined by a least-squares fit to the
direct pressure measurements. This in effect smooths out the random errors.
Discussion
The measured shock temperatures in anorthite glass are plotted as a func-
tion of Hugoniot pressure in Fig. 2 . 7, along with pressure-temp°rature Hugoniot
calculations based on several models. These models are the Jeanloz & Ahrens
(1980) equation of state with a Dulong-Petit specific heat (Cy = 3R), the same
equation of state with variable specific heat, and a model in which several phrase
transitions occur. The latter two models can provide reasonable fits to the data.
The method of Ahrens et al. (1969) was used to calculate shock temperatures in
all cases.
The Jeanloz & Ahrens (1980) equation of state considers all states above 30
GPa on the Hugoniot of anorthite crystal to be a single high pressure phase, as
found by McQueen et W. (1967), and fits the Hugoniot data with a U'Ard order
Eulerian finite strain (Burch-Murnaghan) isentrope (Davies, 1973). The
i
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Fig. 2-7. Measured shock temperatures of CaAl 2Si208 assuming c = 1.0, and four
calculated pressure-temperature Hugoniots. (A) Mixed oxide model of Boslough
et al. (1983). (B) Jeanloz and Ahrens ( 1980). (C) This study, assuming. three
phase transitions to high-pressure phase regimes denoted by 1, I1, and III, and
Cv = 3R. (D) This study, assuming no phase transitions and Cv = A + BT. The
lower two dashed lines are hypothetical phase transitions The upper one is the
sti:shovite melting curve (Lyzenga et al., 1983). Three shock temperature data
	
by Schmitt and Ahrens (1983) are included, which exhibit heterogeneous hot 	 alb
spot (graybody) behavior.
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Gruneisen parameter was calculated by the pressure offset of the porous
Hugoniot. The transition energy between single crystal anorthite and the meta-
stable high pressure phase at standard conditions (Et.) its this equation of state
is .72 MJ/kg. This corresponds to a-k Ar of .46 MJ/kg for anorthite glass, with the
.26 M4*/kg energy difference between anorthite glass and crystal is accounted for
(Robie et al., 1975). Jeanloz & Ahrens considered anorthite above 2000 0K to be a
Debye solid in the classical limit--anorthite having a Debye temperature of
10000K--and used the Dulong-Petit specific heat. This calculation gives reason-
able agreement to the measured points below 60 GPa, but overestimates the
shock temperature at higher pressure by as much as 1000°K Clearly, the slope
described by the data is less steep than the calculated slope.
In calculating shock temperatures by the method of Ahrens et al. (1969),
the only way the theoretical T-P slope can change is to have a pressure or
temperature -dependent Cv and/or phase transitions. There is ample theoretical
and experimental evidence for a temperature dependent Cv in* this temperature
range, in departure from the Debye model of solids. A specific heat of the form
Cv=A+BT	 f2-8)
is equivalent to that of Wallace (1972) for NaCl, where A=3R and B = P 2 — 2A2.
Here, P2 is the electronic contribution and A2 is the first order enharmonic lat-
tice contribution. The same form has been shown by Lyzenga et al. (1983) to
describe shock temperature dependence on pressure for solid and liquid stisho-
vite.
1
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determined by Lyzenga et at. (1983) for solid and liquid stishovite, which has
approximately,
 the same mean atomic -weight per atom as anorthite, with mean
values of A = 86 U/ kgOK and B 1. 17x 10 1 kJ/kgcK 2 . B is in fauL stualler for all
I
the anorthite data taken together than for the single phases of the Si02 data,
which indicates less temperature dependence for Cy overall.
It is probably unreasonable to expect that the anorthite undergoes no
phase transition along this region of its Hugoniot, however, when one considers
the complexity of its phase diagram at lower pressures, below 30 GPa (Liu,
1978), and -when the behavior of simpler silicates such as SiO ., in the same pres-
sure range (Lyzenga et al., 1983) is considered. Anorthite disproportionates to
grossular, kyanite, and quartz at pressures from, 3 to 15 G —Pa (Goldsmith, 1950;
Boyd & England, 1961) and at 15 GPa the quartz transforms to stishovite along
its Hugoniot (McQueen et at. 1963). Phase changes In grossular have been
observed above 25 GPa (Liu. 1979). Hugoniot data indicate a mixed phase region
in anorthite form 10 to 33 GPa (Jeanloz & Ahrens, 1980). Jeanloz & Ahrens give
four candidate high-pressure phases above 33 GPa: CaAl2S!208 (hollandite), CaO
(132 structure) + Al203 (corundum) + 2SiO2 (stishovite)—(mixed oxide assem-
blage), CaAl204 (calcium ferrite structure) + SiO 2 (stLshovite), and Ca2Al2SiO7
(sodium titanate structure) + Al203 (corundum) + 3SiO 2 (stishovite). It is not
unlikely, however, that phase transitions occur between these candidate phases,
or others, above 33 GPa, or that further disproportionations or polymorphic
transitions occur in the components of the candidate assemblages. Melting is
also expected to occur in this shock-pressure range.
With each phase change is aosociated an energy of transition, which can be 	 i
expressed in terms of AEt, the energy difference between the metastable phases
­V11
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at standard conditions. The measured temperature for anorthite shocked Into a
mixed phase region will, if In equilibrium, lie on the coexistence curve. For
anorthite shocked into a single phase regime, Lhe treasured Letnpera.Lure w ill lie
Ar
below thl^- calculated metastable temperature of the lower phases. The
CV
slopes of the single -phase segments of the Hugoniot depend on CV.
For constant Cy = 3R, at least three phase transitions (to assemblages indi-
cated as I, II, and III in Fig. 2-7) are required to give a good fit to the data. If
stishovite is a component of assemblage II, the highest transition--at about
4800°K- -may correspond to the stishovite melting coexistence curve determined
by Lyzenga et al. (1983) who found AEer for the stishovite to li quid trawrisittlon to
be about 1.8 MJ/kg. The transition at 4800° in anorthite gives a temperature
6
' 
1	 difference of about 4501 between the phases, which leads to AEe.1-J.5MJ/ kg. The
k
	
	 mass fraction of SiO 2 in CaAl2Si208 is about ..38, so if this phas4 kransition is melt-
ing of SiO2 only, this QE,r corresponds to 1.4 MJ/kg in the SiO2, which compares
i'	 ..
well with the value of Lyzenga et al. (1983).
Rnnnlnainns
	
F	 When shock-temperature data are included in the description of the high-
1A
i pressure phase assemblages in the system CaAl 2Si208, it is too complicated to be
described by a single high pressure phase equation of state such as Jeanloz &
Ahrens (1980). Although the shock temperature data can be roughly approxi-
mated assuming a single phase and choosing a temperature dependent model
for Cv, the scatter of data around the best such single-phase curve in the
pressure-temperature plane is still significantly greater than the estimated
I
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errors in the temperature measurements. It is more reasonable to interpret
the shock-temperature data by assuming that a series of phase transitions Con- 	 h
Linue to occur slung the Hugoniot. The data are cunsistenL with three phase 	
s
transitions--at about 55, 85, and 100 CPa—each with a transition enf";-gy of about
'a
0.5 MJ f kg. The exact transition energies and pressures are not, however, c.; all
constrained by the data. The most realistic model would include both a
temperature-dependent CV and phase transitions. It is also possible that when
melting does occur, it does so incongruently, with a compositional difference
between the melt and solid. Such a transition must be treated in the context of
a multi-component system, in contrast to the stishovite melting transition, for
which Si02 can be treated as a single-component system. A possible conse-
quence of incongruent melting would be a spreading of the mixed phase region
out over a larger pressure range, and a resulting shallow slope for the Hugoniot
in the pressure-temperature plane.
Success of modelling the time-dependence of the measured spectral radi-
ances demonstrates the potential usefulness of the optical pyrometry method in
studying optical properties of shocked material, in addition to measuring shock
temperatures.. By taking advantage of this fact the decay times of emitted light
can be used to determine the absorption coefficient of the material behind the
n
shock front, as in the case of anorthite glass, for which the absorption
coefficient increases from 1 to >14 mm -1 as a function of shock-pressure (Table	 t
2-2). Future experiments can be designed to determine absorption coefficient
as a function of shock-pressure, and the shock state can be further character- 	
p
ized in this way.
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Chapter 3	
4
Hugoniot Equation of State of Anorthite Glass and
Lunar Anorthosite
ABSTRACT
i
'iTwenty-one Hugoniot experiments were conducted on an
amorphous material of anorthite composition, in the pressure
l;	 range from 8 to 120 GPa, using both routine and new methods. Two
__	 L
Hugoniot measurements at about 120 GPa were made on lunar gab-
i broic anorthosite. Theoretical Hugoniots are constructed for both	 I
a:
materials assuming they disproportionate to their component
' , x
 oxides. These accurately predict the P-p behavior of the lunar
anorthosite Hugoniot at 120 GPa and the anorthite glass Hugoniot
above 50 GPa, but overestimate the shock temperatures of anorth-
ite glass. They do not predict the release paths of either material,
We conclude that the mixed oxide model is a good description of
the bulk properties of the high pressure phases of anorthite, but
does not represent the actual phases. A significant enrichment of
the earth's lower mantle is not precluded by the bulk properties of
the anorthite high pressure phases.,
i
f"
e
56
Introduction
Anorthite is a mineral of considerable geophysical importance because it is
among the first phases to condense in nebula models of the formation of the
solar system (Grossman & Larimer, 1974). If the accretion process began before
condensation was complete, the .lower mantle would be expected to be enriched
in refractories (Turekian & Clark, 1969), Such an inhomogeneous model would
predict that a high pressure phase assemblage derived from anorthite is a major
component of the lower mantle. Calculations based on cosmochemical abun-
dances of Si, Mg, Al, and Ca (Ross & Aller, 1976) predict a mean mass fraction of
0.12 and 0.16 for an anorthite-composition phase in a predominantly enstatite-
or forsterite-composition mantle, respectively.
Due to its geoph7;4.Y al importance, anorthite has been the subject of several
shock wave Studies. McQueen et al. (1967) conducted Hugoniot experiments on
Tahawus anorthosite at pressures from 15 to 95 GPa. The samples used in this
study were crystals, which were 909 plagioclase with .49 mole fraction anorthite,
and initial densities ranging from 2.70 to 2.79 Mg/ml . McQueen et al. (1967)
inferred from their data that above about 33 GPa the Hugoniot enters a regime
in which the shock states correspond to a high pressure phase with a zero pres-
sure density . of between 3.46 and 3.53 Mg/m3 , and an initial isentropic bulk
modulus of 88 to 112 GPa. This high pressure phase gives a close match to the
seismologically-determined lower mantle density, but the inferred bulk modulus
is considerably less than the lower mantle at comparable conditions, 	 3
I 	 x
Additional Hugoniot experiments of Ahrens et al. (1969a) on plagioclase
from 18 to 68 GPa also indicate a transition of this material; to a high-pressure
high-density polymorph above 30 GPa. It was concluded in this study, and by
-57-
Ahrens et al. (1969b) that the high-pressure polymorph corresponds to the hol-
landite structure.
Jeanloz & Ahrens (1980) carried out a series of Hugoniot experiments on
lunar anorthosite 60025, which is about 18% porous, and single-crystal Miyake-
zima anorthite. Shock pressures attained ranged from 40 to 120 GPa. The
porous data were used to determine the Gruneisen parameter, and a thermal
equation of state was constructed for the high pressure phase. The zero pres-
sure density and initial isentropic bulk modulus were concluded to be 3.40
Mg/m3 and 136.5 GPa, respectively for the calculated Hugoniot which gave the
best fit to the data inferred by the -authors as belonging in the high pressure
regime, above 33 GPa. This is in close agreement with the lower values of
McQueen et al. (1967). Jeanloz & Ahrens (1980) also concluded that, despite a
close match in density to the lower mantle, the high pressure phase or phase
assemblage of anorthite is too compressible to constitute a major lower mantle
component.
Boslough et al. (1983x) conducted shock temperature experiments on
anorthite glass in order to further study its high pressure thermal behavior at
pressures from 50 to 115 GPa and temperatures of 3500 to 5600°K. They found
significant deviations in measured temperatures from what would be calculated
assuming a simple single-high-pressure-phase model in this pressure range, and
concluded that as many as three phase transitions might occur between 50 and
115 GPa, at about 55, 85, and 100 GPa. Shock temperature experiments on
anorthite glass were also carried out to about 40 GPa by Schmitt & Ahrens
(1983). The high temperatures (k 3000°K) measured in these experiments were
assumed to be at the melting point of the high pressure phase existing along
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shear bands in the shocked material.
The purpose of this paper is to present the first Hugoniot data on anorthite
glass, and discuss it in context with the previous porous and single crystal
Hugoniot data and shock temperature data to generate a more complete self-
consistent high pressure equation of state. For comparison, new Hugoniot data
are presented for a lunar recrystallized and brecciated gabbroic anorthosite
(Apollo 15.418). This rock was the subject of previous shock wave work by
Ahrens el al. (1973) at pressures up to 28 GPa.
Ftperiment
Several different experimental techniques were employed to determine the
Hugoniot of anorthite glass, all based on measuring the shock velocity through
the sample. Determination of partial and fully released states in some samples
was made by the use of low density buffer material and in two cases the free sur-
face velocity was measured using an inclined mirror affixed to the sample
(Ahrens & Gregson, 1964). Experiments were performed using either a 40 mm-
bore propellant gun (Ahrens et al., 1971) or a two-stage light-gas gun.
First, the standard Hugoniot experiment, as described by Jeanloz & Ahrens
(1977) was used (Fig. 3-1). Second, anorthite "rider" mirrors were used in lieu of
fused quartz mirrors on Hugoniot experiments which were primarily for other
samples (Fig. 3-1). Third, shock transit times were measured from the oscillo-
grams used primarily to determine the shock temperatures (Fig. 3-2) and
finally, transit times were determined by obtaining streak camera records of
-'1
light transmitted from the sample via optic fibers in several of the shock tem-
perature experiments (Figs. 3-3 and 3-4).
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Fig. 3-1. Configuration of standard Hugoniot experiments including schematic
representation of streak. Times tp, t l , t2, and is correspond to shock wave
arrival at: driver-arrival mirror interface, arrival mirror free surface, sample-
buffer mirror interface, buffer mirror-buffer arrival mirror interface, respec-
tively. In ideal experiment (no shock tilt or bowing), transit times are: (t2—to)
for sample, (t l —to) for arrival mirror, and (t9-W for buffer mirror. In the
"rider" experiment, arrival mirrors are made of a.northite glass.
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Fig. 3-2. Oscilloscope record from 750 nm channel of optical pyrometer; shot
LGG 132 (Arl6T) to 48 GPa. At time t o, shock wave arrives at driver-sample inter-
face. At t j , shock reache-i sample free surface.
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( Fig. 3-3.	 Configuration of shock-temperature experiments in which Hugoniot
x data are also obtained. In one method, the shock transit time is taken from the Y
optical pyrometer oscilloscope records of the light radiated from the shocked
sample. In the other method, light is collected by optical ffbers and conducted
' to a streak camera.
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Fig. 3-4. Streak camera record from shot LGG 136 to 92 GPa, illustrating use of
optical fibers in conjunction with shock temperaturc cxperiment to determine
shock transit time. At time to, shock wave enters sample from opaque driver,
and fiber collects thermally radiated light. At t j , shock reaches sample-fiber
interface and light intensity decreases. Time calibration is by a laser modulated
at 60 I °Hz by a Pockels cell. Three of six fiber traces are shown.
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sw.
In the standard Hugoniot experiment (Fig, 3-1), a shock wave is generated
by the impact of a light-gas gun or 40mm gun-launched flyer plate with a sta=
i
Unary driver plate, on which are mounted the polished. Sample and two silvered
quartz or polycarbonate (Lexan) arrival mirrors. After traveling through the	 i
driver plate, the shock enters the sample and mirrors. When the shock wave
arrives at the driver-mirror interface, the lapped surface of the driver is driven
into the specularly reflect ►,ng surface of the mirror, resulting in a rapid change
in reflectivity which can be observed, by monitoring the reflected light with a
E
z
i
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tf
high speed Model 3398 Beckman -Whitely continuous writing rotating mirror or
TRW model 21A image converter streak camera. The shock wave continues
through the sample to its other surface, where it impinges on a fused quartz or
Lexan buffer mirror which changes its reflectivity in the same manner, providing
a measure of the .shock transit time through the sample. When the shock wave
reflects from the buffer -sample interface, a rarefaction to a lower pressure
state propagates back into the anorthi .te. Simultaneously a shock wave with the
same pressure and particle velocity is driven into the buffer material. The
arrival of this lower amplitude shock wave at the buffer material free surf ,A_, e is
again detected by the loss of retiectivity of a buffer arrival mirror, which pro-
vides a measure of the shock transit time in the buffer. In some cases the buffer
material was replaced by an inclined mirror whose angle of extinction allowed
determination of the free surface velocity of the shocked sample. Solution of
the Reimann .integral (Rice et al., 1958, Lyzenga & Ahrens, 1978) allowed deter-
mination of a partial (buffer) or full ( inclined mirror) release state in the sam-
ple.
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The "rider" method is a modification of this experiment, in which the sam-
ple is not anorthite glass, but some other material for which the experiment is
primarily intended (Fig, 3-1). The arrival mirrors, however, are fabrieaLed out of
anorthite glass. When the shock wave arrives at the driver-sample interface the
silvered surfaces of the anorthite arrival mirrors lose their reflectivity in the
usual way. The top, unsilvered surface of the mirror material continues to
reflect at about 5% this intensity, and does so until the shock wave reaches it.
The light signal disappears within Pt, 2 ns of shock arrival, either as a result of
shock tilt misaligning the free surface of the mirror in such a way that the light
reflected from the xenon light source misses the aperture of the streak camera,
or due to disruption of the specular reflecting quality of the surface by an unk-
nown process. This appears on the streak as a lighter image, from which the
transit time through the anorthite glass mirror can be determined. The anorth-
ite glass mirrors still serve the same functional purpose as the normal mirror in
determining the Hugoniot of the primary material. The states determined for
the anorthite ,glass by this method are not as precise as those determined by
the standard method, because the rider mirrors are about half the thickness (;^j
1.1 mm) of the standard samples. This doubles the fractional error in the shuck
velocity measurement. A release state is not determined for anorthite glass
with this method.
Hugoniot states were also determined in the shock temperature experi-
ments. The most straightforward method was to simply take the shock transit
time from the oscilloscope shot records (Fig. 3-2), which display light intensity
9
as a function of time (Boslough et at., 1983a). This technique is less precise than
the standard method for two reasons. First, the time resolution is limited by the
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rise times of the photodiodes, which are 1 to 7 ns. Second, the field of view of
the photodiodes (2.3 to 6.4 mm) is much larger than the 4.!' ^Ae dth of the streak
carnera (0.13 ruin), so if Lue shuck wave is not perfectly parailel to the sarn.ple
surfaces (because of projectile tilt or slight misalignment) this will not be
resolved. For sorhe samples, the optical quality of the sample may preclude the
use of this method in determining shock transit times (Boslough et at. 1983b).
Several of the shock-temperature targets were designed to allow the streak
camera to be used in measuring the shock-transit time, with the intent on
improving the precision over reading the oscillograms. Several 0 . 25 mm diame-
ter, Poly-Optica- Products Co., acrylic optical fiber] with polished ends were
attached to the ,free surface of the samples, and held in place by the edge mask
(Fig. 3-3). When th •s shock wave eaters the sample, thermal radiation is col-
lected by the optic fibers and carried to the streak camera. When the shock
reaches the sample-fiber interface, the light intensity changes due to the
impedance mismatch as the shock is driven into the fiber itself. The transit
time is obtained by measuring the length of the bright streak (Fig. 3-4). This
technique is not degraded by shock wave tilt, as the field of view of the fiber is
on the order of the fiber diameter itself. The time resolution is decreased some-
what, however, by the fact that the fiber diameter is 0.25 mm, as opposed to the
slit width in the standard experiments of 0.13 mm. By using 0 . 13 mm diameter
fibers, or mounting larger fibers behind the 0 " 1 mm wide slit, this method can
achieve the same precision as the rt,ans . ,t a Hugoniot experiment. A shock tem-
perature of about 3500°K in tbA uAtnp a,, ogrre ,sponding to a spectral radiance in
the visible of about 10 i2 Wsr-1m`'41 , is c s;haia, d so 3roduce enough light intensity
to give a sufficient exposu;, ,: of the i` `a% P^ ^:ue streak camera when 0.25 mm
_	 -
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diameter fibers are used. If finer fibers are used, the required shock tempera-
ture will be higher. The required spectral radiance is approximately inversely
propurtiunal to the finer diameter.
Results
The results of 21 Hugoniot measurements on anorthite glass are presented
in Table 3-1 and shown in Figs. 3-5 through 3-8. Previous data for Izu Island
anorthite (Jeanloz & Ahrens, 1980), porous lunar anorthosite 60025 (Jeanloz &
Ahrens, 1978) and Tahawus anorthosite (McQueen et al., 1967) are also shown in
Fig. 3-6 for comparison.
All but six data from the present study are in the high pressure phase
region, and are plotted in the U; up plane in Fig. 3-7. Thy
 high pressure phase
data can be fitted by the linear relationship:
Us = cc + sup	 ( 3-1)
A least squares fit gives the values c o=1.64±0.26 km/ sand s=1.82±0.07. This
equation can be used for impedance match solutions, and was used to determine
the pressures in the shock-temperature experiments by Boslough et al. (1983a).
	
The remaining data lie in the mixed phase region or in the low pressure
	
t " t
Itphase region and form an approximately horizontal trend in U,—u p space (Fig.I
3-7). Two samples have anomalously high shock velocities relative to the
remainder and were excluded from the diagram. Poor shot records made these
two experiments difficult to interpret and although they are included in Table 3-:
1, they will not be discussed further. A similar horizontal trend in U, —up space
has been described by Wackerle, ( 1962) for the mixed phase region of* fused
a
i
r
z
2.691	 6.95 0.45 8.32 2.881 (e)
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Table 3-1
Atiorthii,e Glass HugunioL and Release DaLa
Shot	 Flyer	 Driver	 Projectile Initial Shock Particle	 Pressure	 Density
	
Method
Material	 Material	 Velocity Density Velocity Velocity(km/s) (Me/
 ms) (km/s) (km/9)	 (GPa)	 (Mg/ m3)
i
r-
F
^k
•l
1
40-577 Al-2024	 Al-2024	 0.95
* .01
Partial Release State 1
(Lexan buffer)
Partial Release State 2
(Graphite Foam buffer)
40.589 Lezan
	 Al-2024	 1.97
t .01
Partial Release State
(Lexan buffer)
Final Release State (e)
(Inclined mirror)
40.581 Al-2024	 Al-2024	 1.00
* .02
Partial Release State
(Lexan butter)
final Release State (e)
(Inclined mirror)
40.580 Al-2024	 Al-2024	 1.105
t .010
Partial Release State 1
(Lexan buffer)
Partial Release State 2
(Polystyrene foam buffer)
Table 3-1 (conL*
fi
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Shot Flyer	 Driver	 Projectile Initial Shock Particle Pressure Density Method
Material Material
	 Velocity Density Velocity Velocity
(km/9) (Mg/ m3) (km/9) (km/9) (GPa) (Mg/ m,)
40.587 Al-2024	 Al-2024	 2.288 2.693 6.46 1.179 20 .52 3.295 (a)
4:.003 t .002 * .06 t .005 * .11 t 1010
Partial Release State 1 3.53 0.764 3.227 3.19
(Lexan buffer) * .04 t .025 t .144 d:.02
(a)
Partial Release State 2 1.94 1.52 0 . 165 3.235
(Polystyrene foam butter) * . 02 4-.02 t .004 *,013 (a)
40.589 N	 Cu	 2.455 2.693 6.40 2.279 39.28 4.182 (a)
0.005 * .002 t .04 t .006 t .21 * .018
Partial Release State 1 6.24 2.49 18 . 59 4.14 ^^)
(Lexan buffer) *.08 t .05 t .62 +.03
Partial Release State 2 4.89 0 . 15 16.67 3.88 (a)
(Graphite foam buffer) * . 05 * .04 * .37 t .04
LGG 132 Cu	 Cu	 3.72 2.6908 6.508 2.731 47.8 4.636
(c)
*.10 t .0010 t .092 * .078 t 1.5 *.112
LGG 131 Cu	 Cu	 4.038 2.6909 7.027 2.929 55.4 4.614 (^)
t .002 t .0013 -E.081 *.008 * 0.5 * .047
LLL 091880 Cu	 Cu	 4.538 2.6900 7 . 717 3 . 247 67 .4 4.644 (c)
* .006 t ,0010 ±:.103 * .011 t 0.7 * .056
LGG 136 Cu	 Cu	 5.255 2.6953 8.187 3.753 82.8 4.977 (d)
* 1003 * .0012 * .240 t .025 * 1.9 t .152
LLL 091680 Cu	 Cu	 5.455 2.6899 8.593 3.867 89.4 4.886 (c)
:b.010 t .0011 t .050 * .009 * 0.4 f .030
LGG me Cu	 Cu	 5.506 2,6933 8.769 3.887 91.8 4.836 (d)
+.003 :b.0011
 t .085 :L-.009 t 0.7 * .046
LGG 137 Cu	 Cu	 5.583 2.6927 8.782 3.930 92 .9 4.874 (d)
*.008 1.0011 *.093 1.011 10.8 *.052
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Shot Flyer Driver Projectile Initial Shock Particle Pressure Density Method
Material Material Velocity Density Velocity Velocity
(km/3) (Mg/ms) (km/s) (lean/s) (GPa) (Mg/ mg)
LGG 124 Cu Cu 5.709 2.8884 8.956 4,025 96.9 4.886 (a)
*,003 *.0018 *.088 *.008 10.8 1.037
Partial Release State 8 . 512 4 . 461 83 . 7 4,566
(Fused quartz buffer) *.095 *.051 1: 119 1.116 (a)
LGG 114 Cu Cu 5.892 2.6912 9.352 4.124 103.8 4,814 (b)
1.005 *.0018 *.152 *.016 11.3 *078
LGG 133 Cu Cu 6,166 2.6912 9,535 4.315 110.7 4.915 (b)
*.004 *.0018 *.090 *.010 10.8 1047
LLL 062380 Ta Ta 5.878 2.6893 9.525 4.345 111 ,3 4.945 (a)
*.010 :.0011 *.100 ±.012 *1.0 1.052
LGG 134 Cu Cu 6.328 2,6912 9.785 4.412 116.2 4.901 (b)
*.004 *.0008 *.160 *.017 11,5 1.081
LGG 139 Ta Cu 5.562 2.6944 9.839 4.444 117.8 4.914 (d)
*.003 *.0012 *.089 ±.010 10.8 1.045
LGG 129 Cu Cu 6,547 2.6924 9.784 4.580 120,6 5.082 (a)
*.004 10020 *.106 *.012 11.0 1.080
Partial Release State 9.328 4.899 100.7 4 . 935 (a)
(Fused quartz buffer) ±.153 ±.082 13.3 1.104
LGG 113 Ta Ta 8.110 2, 6903 9 , 843 1.699 124,1 5,148 (b)
*.005 ±,0014 *.136 *.013 11.4 1.077
(a) Standard equation of state experiment,
(b) Mirror "riders" - (density from mean of other shots).,ii.i(c) Transit time from shock temperature oscillis, ope records.
(d) Transit time from optic fibers to streak camera.
t(e) Free surface velocity listed as particle velocity.
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Fig. 3-5. Anorthite glass Hugoniot data in the high-pressure regime from Table	 t
3-1 plotted in the pressure-density plane, with theoretical mixed oxide Hugoniot
based on parameters in Table 3-2. Data were obtained by four experimental
methods:. (S) Standard Hugoniot, (R) "Rider" mirror, (0) Oscilloscope, (F) Optical	 w
fiber. These methods are described in text.:
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Fig. 3-6. Anorthite glass Hugoniot data from this study, anorthLte crystal and
porous anorthosite data from Jeanloz & Ahrens (1980), and anorthite crystal
data from McQueen et al., (1967). Solid and dashed curves give single phase and
mixed phase regions, respectively, based on shook temperature data (Boslough
et al., 1983). Mixed oxide theoretical Hugoniot based on parameters in Table 3-2
gives good agreement with data above. 55 GPa. Gross ularite-Kyanite-Stishovite
G -K-S) theoretical Hugoniot does not agree with data anywhere.
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0
Particle Velocity
	 (km/s)
Fig. 3-7. Hugoniot data for anorthite glass shown in the shock velocity-particle
velocity plane. 	 Best straight-line flt to high-pressure phase regime data is
shown:
	 U.=1.64+1.82up.	 Calculated zero-pressure longitudinal sound -velocity
kj (v,) and bulk sound velocity (v,) are indicated.
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Fig. 3-8. Anorthite glass Hugoniot data with measured release states. Curves
	
_z
Lre Birch-Murnaghan isentropes constrained by K,,=60.4 GPa, K' o,=15-16 and
118=67.0, K'o,=11.5-12.5. Release paths suggest that irreversible compression
:arl occur in anorthite glass at low pressures and are consistent with the calcu-
ated range of isentropes.
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None of the data show any indication of a two wave structure, This suggests
that the data lie below the Hugoniot elastic limit (H.E,L) or sufficiently far above
it that the elastic wave has been overridden. Particle velocities calculated from
i
free surface velocities which were derived from inclined mirror experiments are
compatible with particle velocities calculated by impedance match. This is con-
sistent with the observation of a single shock wave.
For crystalline feldspars H.E.L. states are dependent upon driving shock
pressure and vary upwards from 3.2 GPa for albite, 4.5 GPa for anorthosite
(Ahrens & Gregson. 1964) and 3.5 GPa for microcline (Ahrens & Liu, 1973). For
crystalline and fused quartz the lowest H.E.L. states measured by Wackerle
(1962) were 4 .5 GPa. The states measured in this work for anorthite glass yield
pressures on the order of 8 GPa, These pressures are considered to be too high
i
to represent states below the H.E.L. and are suggested instead to be plastic
t=
deformational states well above the H,E.L.
Release data from the low pressure phase regime and at the low density end	 1
of the mixed phase region show gener ally steep release paths (Figs. 3-8 & 3-9).
Buffer materials used were polystyrene foam (PC = 0 . 056 Mg/m 3, ca = 0.243
Ion/s, s = 1.118) and graphite foam (p, = 1,081 Mg/m3, c, = 0.79 km/s, s 1.30).	 ; f
Inclined mirrors were also used to help constrain the release path in two experi-
ments. At the high density end of the mixed phase region the release path sug-
gests reversion to a very low density phase. Fluid -like behavior above the H.E.L.
has been observed b Ahrens & Rosenberg 1968 forpolycrystalline uartz and	 ; "gy	 g(	 )	 q	 ^
has been predicted theoretically by Zamyshlyaev et ad. ( 1982).	 r.
r
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Fig. 3-9. Anorthite glass and crystal Hugoniot data, with measured release
states. Theoretical mixed-oxide Hugoniot anti corresponding theoretical release
isentropes from experimental shock states are shown in the high pressure phase
regime. The lowest and two highest states in the high pressure region demon-
strate release paths which agree well with the theoretical paths. The two states
between 90 and 100 Wa, however, release along significantly shallower paths.
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Low pressure equation of state
The low pressure equation of state can be constrained using the two lowest
pressure data. The H.E.L. has probably been exceeded for these experiments.
At shock states higher than the H.E.L. for anorthite glass it is expected that
resistance to shear is lost and that it behaves as a fluid. This phenomenon has
been observed in crystal and fused quartz (Wackerle, 1962), perthitic feldspar
(Grady vt al., 1975) and sapphire (Graham & Brooks, 1971). It has been sug-
gested (Grady et al., 1975) that the loss of shear strength is related to partial
melting in shear bands behind the shock front. Shock induced shear instabili-
ties have also been reported for anorthite glass by Schmitt & Ahrens (1983) pro-
viding evidence that anorthite glass loses all resistance to shear in common with
other ceramic materials.
In the region above the H.E.L., with no shear resistance, the Hugoniot
should differ little from the hydrostat. In addition, at low pressures, thermal
effects will be small and the Hugoniot will be well approximated by the principaL
isent_'ope.
No direct measurement of the bulk modulus of anorthite glass has been
made but Young's modulus of an An 70
 glass measured by Birch & Bancroft (1942)
is 89 .9 GPa. A strong correlation between the product of Young's modulus (E)
and tonic pecking density (VO, and the observed bulk modulus (K) for a set of 30
glasses of varying composition is observed by Makishima & MacKenzie (1975).
This relation is given by K = 1.2VtE with Vt
 calculated from ionic radii and the
component atoms normalized to glass density (Makishima & MacKenzie, 1975).
From this linear relation, the bulk modulus is estimated to be 60.4 GPa based on
	
em
E=89.9 GPa, the value measured by Birch & Bancroft (1942). Poisson's ratio for
 Ij
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these values of K and E is 0.252.
Further constraints may be placed on the bulk modulus of anorthite glass,
using recent ultrasonic data from a variety of silicate glasses.
	 Meister et al.
(1980) measured the elastic moduli of a range of silicate glass compositions up
to 0.8 GPa and noted a good linear relation between bulk modulus and silica con-
s
tent.	 For anorthite glass this relation would predict a bulk modulus of 67 GPa,
and a Poisson 's ratio of 0.276, in reasonable agreement with the values calcu-
lated using the relation of Makishima & MacKenzie.
With these values of bulk modulus and an assumed Birch-Murnaghan equa-
tion of state the pressure derivative of the bulk modulus (K',) may be deter-
mined from the Hugoniot data. It is assumed that at these pressures the princi-
pal isentrope is coincidolA with the Hugoniot. For K 1=60.4 GPa, K'o,-'U 15-16, and
a 'i
fora,	 ' X 11,5-12.5 (Fig. 3-8 .	 These values of K
	 suggest rapidKos=67 GP	 K o:	 (	 ,'^•	 ')	 os	 gg	 P^ 'rer^
k
stiffening of anorthite glass for moderate increases in pressure. 	 In contrast,
fI
i.E K',<3 for rock silicate glasses at pressures less than 0.8 GPa (Meister et al.,
f
7^I
1980).	 Elastic paranieLers have been Treasured for fused quartz frorn aLriius- 1;'
' pheric pressure to 13.3 GPa (Shroeder et al., 1981).	 Above about 3 GPa, K's
^^	 # increases in a rlon -Linear fashion and aL 8 GPa, K' 9;:d7.5.	 Boslough and Ahrens
(1983b) suggest that jadeite, in which Al is in octahedral coordination, is formed
F	 3k on the anorthositc Hugunict in the range 6-10 CPa.	 DeveloprAunt of co rne
u
_:. octahedral aluiiiinurn on the anorthite glass Hugoniot could lead to substantial[.
f M'
1
t	 3
stiffening and the observed strong dependence of bilk modulus on pressure.
.i
f'
t	 t
t^
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High pressure equation of state
The shock temperature data of Boslough et al. (1983a) indicate that at least
three phase transitions occur above 50 GPa on the principal Hugoniot of anorth-
ite glass. The temperature data were used to estimate where the phase boun-
daries cross the Hugoniot, and this information was transformed to the P—p
plane in Fig. 3-6, where single- and mixed-phase regions are delineated along the
Hugoniot. These phase transitions are not evident from the P—p Hugoniot data,
except perhaps between 80 and 90 GPa, where there appears to be a sudden
increase in density with pressure.
The highest pressure phases are only stable on the Hugoniot in a density
range of about 0.1 Mg/ms, or about 5% of their density, which is the same order
as the scatter in the data. This makes it impossible to carry out a meaningful
finite strain fit to the data, in the individual regions of stability, in which several
of the parameters: zero pressure density, K.., and K'.. are constrained indepen-
dently. One alternative is to fix onto parameter and determine what values the
others must have in order to fit the data. This method does not, however, lead
to a unique solution.
Another strategy which can be used is to choose a candidate phase or
assemblage, apriori and determine its high pressure properties. It can then be
compared to the data directly and accepted or rejected as a candidate on this
basis. This is similar to the approach of Davies & Gaffney (1973). We used a
mixed oxide model as the candidate high pressure assemblage, with CaO in the
B2 phase, Al2 03 as corundum and Si0 2 as stishovite. '
The isentrope for the composite mixed oxide assemblage was constructed
from the isentropes of the individual oxides. Molar volumes as a function of
A
y
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pressure were determined for each of the oxides using the Birch-Murnaghan
equation and published values of Ka, and K' Q. (Table 3-2). The values for B2 CaO
were take[L ft-Um Bosluugh et al. (1983b), curuudum front Andersucl (1973) and
stishovite from Lyzenga et al. (1983). The molar volumes at a given pressure
were added to give the molar volume of the composite, from which the
pressure-density isentrope was obtained to 100 GPa. K„=227 GPa and K,,.=5.1
were determined for the composite by carrying out a Birch-Murnaghan least
squares fit to the calculated isentrope (Vasiliou & Ahrens, 1981). The zero pres-
sure bulk modulus calculated in this way is comparable to the Voigt-Reuss-Hill
value of 228 GPa, and lies within the Voigt and Reuss bounds of 212 and 244 GPa,
respectively (Watt et al. 1976).
The Gruneisen parameter (y) for the composite was calculated by taking
the mean of the components, weighted according to mass fraction. Although
this is not strictly correct (Duvall & Taylor, 1971) it is a reasonable approxima-
tion. The energy of transformation between anorthite glass and the metastable
high pressure assemblage at standard conditions (E t,.) was ,btained from the
difference between the sum of Etr for the oxides, and Et, for anorthite glass, with
the stable oxides as the reference state.
A Hugoniot was calculated for the composite mixed oxides, with anorthite
glass as the initial state. This theoretical Hugoniot is in agreement with shock
wave data above 60 GPa (Figs. 3-5 & 3-6), but the temperatures predicted by this
p model are as much as 1500°K higher than those measured (Boslough et al., j if
1983a). In order to fit data in both the P-p and P-T planes, a somewhat larger
transition energy is required.,
-80-
'Fable 3-2
Mixed Oxide Parameters - Anorthite glass
CaO Al203 Si02 CaAl2Si2O,B2) (Corundum) (Stishovite) (Composite)
Po (g) 4.00 3.986 4.29 4.07
Ko, (GPa) 121 250 306 222
K`., 5.2 4.0 5.4 5.1
Y 1.80 1.32 1.38 1.44
n 1.0 1.0 3.2 1.7
Eu.(kJ/ g) 2.1 0.00 0.82(-) 0.87(b)
M, .202 .366
.432 1.00
vt .216 .374
.410 1.00
Reference (c) (d) (e)
kaj noble (1979)
(b) includes .09 kJ/9 energy of formation of anorthite glas,
conditions (Robie, 1979)
(c) Boslough et al. (1983)
(d) Anderson (1973)
(e) Lyzenga et al. (1983)
t _:
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For comparison, a Hugoniot was calculated in the same manner for an
r
assemblage consisting of Ca3Al2 (SiO4)3 (grossularite), Al2SiO 5 (kyanite), and Si02
(stishovite), which is the stable phase at lb GPa according to Liu ( 1978). This
assemblage has a zero pressure density of 3.61 Mg /m3 and Voigt-Reuss -Hill bulk
modulus of 170 GP'a. A range of Hugoniots was calculated for this phase, with 3.0
2.0 and y=yo{ PO , This calculated Hugoniot is steeper than the observedP
Hugoniot (Fig. 3-6) and crosses it at about 30 GPa.
Discussion
It was concluded. by Boslough et al. (1983a) that, due to the complicated
behavior observed in the anorthite Hugoniot in the P-T plane, a simple equation
of state is insufficient to describe this material at high pressure. It is evident,
however, that the mixed oxide assemblage is a good model for the behavior in
the P p plane above 60 GPa. whereas the grossularite-kyanite-stishovite assem-
blage is not a good description in any pressure regime. 	 The Jeanloz-Ahrens
(1980) equation of state adequately describes the data in both P —p and P-T
planes from 33 to 60 GPa.
Comparison of the calculated mixed oxide Hugoniot to data in the P-T plane
is evidence that the high pressure phase is not mixed oxides, but a phase with ^§
similar bulk properties and a greater energy of transformation. Above 55 GPa,
4f
the CaAl2Si208 undergoes further phase transitions, and each higher pressure
_^3
€
' phase has a larger total energy of transformation. These higher phase transi-
tions are sufficient to lower the shock temperature, but are not significant in the F
t P—p plane, implying only a small volume change is associated with each phase
s`
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g
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transition. The porous Hugoniot was determined experimentally by Jeanl.oz &
Ahrens (1978, 1980), and does not agree with that calculated using the mixed
oxide tnudel, which predicts higher densities at a given shock pressure. In light
of the complexity of the high pressure properties of CaAl2Si2 08, a reasonable
explanation for this is i hat the porous data do not represent the same phase as
the non-porous data, but rather a lower pressure or higher temperature, less
dense phase.
It must be remembered that, even though the mixed oxide Hugoniot flts the
data well globally, the true Hugoniot goes through several phase transitions, and
i
each phase is only stable along a short segment of the Hugoniot, where material j
properties such as the bulk modulus and Gruneisen parameter may differ
greatly from those of the mixed oxides. Perhaps a better determination of the
local compressibilities would be from partial release data. Fig. 3-9 shows that, in
fact, the release paths do vary greatly with pressure along the glass and single
7r,"tal Hugoniots. Of the four high pressure phase regimes inferred from the
shack temperature data by Boslough et al. (1983a), three are sampled by the
five highest pressure Hugoniot-release experiments in this study and that of
Jeanloz & Ahrens (1980). Two experiments sample the highest pressure regime,
above 100 GPa. The release paths are within experimental error of those
predicted by the mixed oxide model. The two experiments in which anorthite is
shocked into the next highest phase regime, between about 89 and 96 GPa, show
significantly different release behavior, indicating release paths much shallower
than predicted. The region of stability inferred for this phase is so small and the
Hugoniot data so scattered that is not passible to correlate these release paths
•	
r
'j	 to a measured Hugoniot. One experimental data point, at about 60 GPa, lies just.
rl	 I ^
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above the lowest inferred high pressure phase regime, and its release path is
slightly steeper than predicted. Highly variable release paths were also
observed in porous anorthite (Jearnloz & Ahrens, 1978, 1980) and in some eases
the release paths were steeper than the Hugoniot inferred in that study. Unfor-
tunately, partial release data are generally of lower quality than Hugoniot data.
It is interesting to compare the mixed oxide adiabat to that of the lower
mantle, determined seismologic ally (DziewonskL et al. 1975; Anderson & Hart,
1976; Dziewonski & Anderson, 1981) in Figs. 3-10 through 3-12. In order to make
a meaningful comparison, it is necessary to correct the theoretical mixed oxide
adiabat to temperatures existing in the mantle. The geotherm of Stacey, (1977)
was used. Whereas Jeanloz & Ahrens (1980) found the bulk modulus much too
low for anorthite to be a significant component of the lower mantle, the mixed
oxide model gives a bulk modulus that is somewhat high, but closer to the
seismologic:ally determined lower mantle value. Thus, the high pressure phases
of anorthite should not be precluded as major constituents of the lower mantle,
especially in light of the fact that there are unresolved phases on the Hugoniot
which have bulk moduli which might deviate significantly in either direction
from that of the mixed oxide composite
Lunar anorthosite
In addition to anorthite glass, two experiments were conducted on lunar
gabbroic anorthosite (Apollo 15, 418). These experiments were carried out with
the 'standard method (Fig. 3-1), and partial release states were determined in
	
Y
a
both cases. The results are presented in Table 3-3 and Fig. 3-13. This rock was
modeled as .74 volume fraction anorthite (angs) and .26 volume fraction
r
r.
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Fig. 3-10. Adiabatic bulk modulus of the mixed oxide model as a function of
pressure on principal adiabat and geotherm (Stacey, 1977). Also shown is bulk
modulus of mantle as determined from seismological data (Dtiiewonski & Ander-
son, 1981), and anorthite adiabat of Jeanloz & Ahrens ( 1980),
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Fig. 3-11. Hulk sound speed of the mixed oxide model as a function of pressure
on principal adiabat and geotherm (Stacey, 1977), compared to seismologically
determined curve for the earths mantle (Dzidwonski & Anderson, 1981).
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Table 3-3
.Apollo 15418 Hugoniol, rand Release Data
Shot	 Flyer	 Driver	 Projectile Initial Shock Particle Pressure Density
Material	 Material	 Velocity Density Velocity Velocity
' (km/9) (Mg/ m") (km/s) (Km/s) (GPa) (Mg/ m3)
LGG119	 To	 Ta	 5,823 2 . 8414 91811 4 , 387 122. 8 5,149
*.005 * .0014 * ,060 * .007 * 0.8 t .031
Partial Release State 9. 838 4 .752 101.2 4.998
(KaCl buffer) *,018 * .014 * 0.5 ±,033
LGGII ;	 Ta	 Ta	 51830 2 . 8914 9. 907 4 . 380 125 . 5 5.183
* .005 f .0022 *.035 * .005 * 0.4 +,018 
Partial Release State 9.170 8.448 83.9 3.813
(Graphite foam buffer) +.031 * ,024 *0.5 t ,032
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Fig. 3-13. Lunar gabbroic anorthosite Hugoniot and release data. Mixed oxide
theoretical Hugoniot based on parameters in Table 3-4 gives good agreement
with data. One partial release state was determined for each shock state, but
because shock states are so close, the two partial release states outline an
approximate release path.
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enstatite (ens) by Ahrens et al. (1973), taken from a microprobe analysis. In
order to construct a theoretical mixed oxide Hugoniot for this rock, as was done
for atxurt,hiLe glass, we assucned Lhe plagioclase fraeLion Lu be pure at urLIALe,
due to our ignorance of the high-pressure behavior of Na2O, and the observation
that anorthite and albite have sunilar Hugoniots (McQueen et al., 1976). The
resulting mass fractions in the simplified model are .70 for anorthite
(CaAl2Si2O3), .19 for enstatite (iigSiO 3), and .11 for ferrosilite (FeSiOS). These are
broken down into their five component oxides (Table 3-4), and a high pressure
adiabat and Hugoniot were constructed in the 'same manner as for anorthite
glass. The theoretical Hugoniot constructed in this way is seen in Fig. 3-13 to
give excellent agreement to the Hugoniot data, and to the initial slope of the
measured release path. As in the case of pure anorthite, it is not likely that the
lunar rock disproportionate  into its component oxides at these pressures, but
the mixed oxide model gives a good description of the bulk properties of what-
ever phases exist there. The second release datum indicates a large density
decrease upon unloading, consistent with shock-vaporization of material.
Entropy-gain calculations of Ahrens & O'Keefe -(1977) and of Boslough & Ahrens
(1983a) indicate that incipient vaporization may occur at shock pressures above
102 GPa for gahbroic anorthosite and above 92 GPa for anorthite, respectively.
However, this is not observed in the release paths of shocked anorthite glass. 	
1
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Table 3.4
Mixed Oxide Parameters - Lunar Gabbroxc AnurthostLe
CaO Al203 5i02 MgO FeO Composite
(B2) (Corundum) (Stishovite) (B1) (B2)
P. (g) 4.00 3.986 4,29 3.56 6.05 4.14
X., (GPa) 121 250 308 170 195 219
Wax 5.2 4.0 5.4 4,0 3.4 5.1
y 1.80 1.32 1,38 1.3 1.8 1.44
n 1,0 1.0 3.2 110 1.25 1:.8
Ft,(kJ/ g) 2.1 0.0 0, 8(61 0.0 0,4 1 Q 1(b)
M4 .141 .257 .466 .076 :060 1.00
V, .154 ,267 .450 .069 .041 1.00
References (c) (d) (e) (f) (g)
s
{
^E a
(a) Robie (1979)
(b) includes .35k.T/ g energy of formation of
inatiun of enstatitu fr UXIL uxides (,Rubio, 1971;
(c) Boslough et al, (1983)
(d) Anderson (1976)
(e) Lyzenga eL al. (1973)
(f) Vwssiliou and Ahrens (1981)
(g) Jeanloz and Ahrens (198U)
*V4. k
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Conclusions
The experimental Hugoniots of anorthite glass above 60 GPa and lunar gab-
broic anorthosite at 120 GPa are well described by the Hugoniots calculated for
their composite ox-.des, based on the individual properties of the oxides. The
actual phases which are stable along the Hugoniot of anorthite, however, have
r larger energies of transformation. The zero pressure density of the mixed-oxide
high pressure phase assemblage model is 4.07 Mg/ rrL3 , and the zero-pressure
bulk moduluo is 228 GPa. These values are comparable to those for the lower
mantle, indicating that Ca_Al 2S1208, or its high pressure reaction products, can-
not be precluded as major compr:,ients of the lower mantle on the basis of its
equation of state. Such a refractory component could therefore be present in
the lower mantle with a mass fraction in the range 0.12 to 0.16 as predicted by
cosmochemical abundance considerations (Ross & Aller, 1976), or in greater
concentrations as expected by inhomogeneous accretion models '(Turekian &
Clark, 1969).
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Chapter 4
Shock Wave Properties of Anorthosite and Gabbro
ABSTRACT
Shock wave experiments have been conducted in San Gabriel
anorthosite to peak stresses between 5 and 11 GPa using a 40 mm-
11;... bore propellant gun. Particle velocities were measured directly at
several points in each target by means of electromagnetic gauges.
Hugoniot states were calculated by determining shock-transit
times from the gauge records. Measured sound velocities indicate
a loss of shear strength upon shock compression for both rocks,
with the strength loss persisting upon release to zero stress.
Sound velocities of anorthosite shocked to peak stresses between 6
and 10 GPa were measured to be between 5.1 and 5.3 upon release
to zero stress. Stress-density release paths in the anorthosite indi-
cate possible transformation of albite to jadeite + (quartz or
coesite), with the amount of material transformed increasing from
about .4 to .7 mass fraction as the shock stress increased from 6 to
10 GPa. Electrical interference effects precluded the determina-
tion of acurate release pathe for San Marcos gabbro. Because of
the loss of shear strength in the shocked state, the plastic
`
	
	 behavior exibited by anorthosite indicates that calculations of
	 }
energy partitioning due to impact onto planetary surfaces based
f
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on elastic-plastic models may underestimate the amount of inter-
nal energy deposited in the impacted' surface material.
Introduction
The plagioclase feldspar-bearing rocks anorthosite and gabbro are impor-
tant components of the lunar and terrestrial crusts. It is necessary to under-
C 
stand the behavior of such rocks under high dynamic stress in order to model
cratering processes which result from hypervelocity impacts, anti to character-
ize the stress history of rocks which have been subject to shock loading on
planetary surfaces such as the moon acid in some meteorites. Shock-wave Stu-
dies of these and similar materials have been conducted in the past (Ahrens et
al., 1969, McQueen et al., 1967, Jeanloz and Ahrens, 1980, Boslough et al., 1983a),
but in these studies the data are limited to the Hugoniot state and in some cases
a single state on the release isentrope. By employing particle-velocity gauges, a
complete stress-strain history subsequent to shock-compression can be deter-
mined, along with sound velocity information (Fowles and Williams, 1970,
Cowperthwaite and Williams, 1971, Seaman, 1974). Particle velocity experiments
supply detailed release paths, which provide better constraint for mechanical
properties and polymorphism than is available with Hugoniot experiments alone.
Peterson et al., (1970) used particle velocity gauges to determine release
paths of playa alluvium, tonalite, and novaculite shocked to stresses up to 5 GPa.
They attributed high rarefaction velocities and steep release paths in the
stress-density plane to irreversible compaction. Grady et al., (1974) carried out
experiments on polycrystalline quartz (novaculite) to 40 GPa using a
4
ALAV
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combination of particle velocity and manganin stress gauges to determine
release adiabats and concluded that a partial quartz- stishovite transformation
takes place above 15 GPa., with the quanLity of material transformed an itiareas-
ing function of peak stress, and that the Hugoniot states are not on the quartz-
stishovite coexistence curve. Similar experiments were conducted on polycry-
stalline quartz and perthitic feldspar by Grady at al,, (1975) and Grady and Murri
(1976), who used manganin stress gauges to determine Hugoniot sound veloci-
ties, and found that these rocks lose shear strength when shocked to pressures
above 20 GPa.
	
Larson and Anderson ( 1979) used particle velocity gauges to u
study limestone and tuff at lower stress levels (4 GPa), and attributed the
observed time -dependent behavior to the closing of pores in these rocks.
In this paper we present new Hugoniot data on San Gabriel anorthosite and
>; .San Marcos gabbro to 11 GPa. Release paths in the stress -density plane and a,
^f
sound velocities are reported, as determined from particle velocity data.
s
Experimental Methods (
San Gabriel anorthosite samples were collected in the San Gabriel Moun-
tains near Pasadena, California. This rock is highly variable in composition and
ii +
texture and has been studied in detail by Carter (1982). The particular speci-
men used in these experiments had randomly oriented plagioclase crystals with
I
a mean grain size of 1 -2 m. Significant alteration was observed at grain boun- mz	
^1
j daries, and the composition is given in Table 4 -1; determined with a petro-
graphic microscope. An electron microprobe analysis indicated a composition
of Anse for the plagioclase component,
)
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Table 4-1
San Gabriel AnorUiusiLe ComposiLion
Mineral Volume Z
Plagioclase ' 91
White Mica B
Epidate 3
Opaques trace
Quartz trace
Apatite trace
x;.
rt
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The San Marcos gabbro was obtained near Escondldo? California, and has
been studied: petrologically by Miller (1937). Samples fruni the same specimen
used in Lhis study were used in impact, and in shall-sLrengLh experiments by
Lange et al., (1983). The composition is tabulated in Table 4-2. Rock samples
were cut into 1,5 mm thick, 3.2 by 4,5 cm rectangular sla!z% and were bonded
together with epoxy, with a U-shaped copper particle-velocity gauge at each
interface and one at the free surface, Gauges were photo-etched from 10 Am
thick copper foil with a 12. - Am polyamide (kapton) film backing. Targets were
shock-loaded by impact of fiat-faced polycarbonate (Lexan) projectiles fired
from a 40-mm bore propellant gun at velocities from 1.4 to 2.4 km/s. Projectile
velocities were determined using a laser intervalometer (Ahrens et al„ 1971).
A uniform magnetic field at right angles to each gauge and to its direction
of 'motion was supplied by a set of Helmholtz coils. An electromotive force V(t)
was induced across the gauge element due to its motion through the field
VW = BLup(t)	 (4-1)
where B is the magnetic field (a1.8 kG), L is the effective gauge length (ai cm),
and up(t) is the gauge velocity; eqa al to the particle velocity of the surrounding
inedium. These signals were recorded by an array of cathode ray oscilloscopes.
The experiment is shown schematically in Fig. 4-1 and described in detail in
Appendix IV.
	
The geometry and time history of a typical experiment is illustrated by
	 I
means of an x-t diagram in Fig. 4-2. The stationary rock target lies to the right
of the origin, with four particle velocity gauges initially at intervals of 1.5 mm.
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Table A-2
Sate Marcos Gabbro Composition
Mineral Volume q
Plagioclase 67.9
Amphibole 22.5
Clinopyroxene 1.5
Orthopyroxene 1.1p Quartz i.4
Hiotite 0.9
Opaques 4.3
Aiakali feldspar trace
Calcite trace
Chlorite trace
Apatite trace
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Fig. 4-1. Schematic ,
 drawing of particle velocity experiment, with major com-
ponents indicated: A. Polycarbonate projectile, B. 40 mm-bore gun barrel, C.
Timing laser, D. Photodectector, E. High-power switch (ignition), F. Capacitor
bank, G. Helmholtz coils, H. Rock target, I. Self-ohorting trigger pins, J. Fiducial
0^(nit ^ 1
Projectile	 Gauge
target
interface
2/
'.-.' hock in
projectile
00
Poly carbon	 2	 4
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Fig. 4-2. Particle velocity experiment represented by x-t diagram. Projectile
approaches stationary target from left and impacts at tv-0.
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surface of the target at time t=0, driving a shock wave to the right into the rock
and to the left into the projectile. Each gauge is stationary until overtaken from
the left by the shock wave, at which time it begins moving with the particle velo-
city associated with the Hugoniot state. The shock wave reflects from the free
surface as a rarefaction wave, and each gauge again accelerates to the right as
t1bis wave passes through it from the right.
Reaults
Typical particle velocity records for shocked anorthosite and gabbro are
shown in Fig, 4-3. The sudden increase corresponds to shock wave arrival, and
the second increase corresponds to the acceleration from free-surface rarefac-
tion. The gabbro records were found to be significantly noisier than the anortho-
site records in all cases. This was presumed to result from the presence of
piezoelectric quartz grains in the gabbro, whereas the anorthosite was relatively
free of quartz.
	
Digitized oscilloscope records for anorthosite shocked to 10 GPa are shown 	 !
in Fig. 4-4. Synchronization of the four signals in time was achieved by means of
a fiducial pulse received simultaneously at each osciAoscope, Shock-transit 3
times were taken from the iaterval between arrival. at d ,, .decent gauges  and were
used to determine shock velocity. The known projectile velocity and polycar
f
	
bonate Hugoniot (Marsh, 1980) were used with an impedance-match solution
	 I
	
(McQueen of W., 1970) to determine the Hugoniot states achieved in the rocks.
	 j
	
Eulerian sound velocities were determined from the transit time of the free- 	 I
surface rarefaction front and the Hugoniot density. Hugoniot states and sound
velocities for both rocks are given in Tables 4-3 and 4-4.
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Fig. 4-3. Oscillograms of particle velocity-time profiles in (a) anorthosite and (b)
gabbro. Gabbro sign.ls are significantly noisier, presumably due to presence of
quartz grains.
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Flig. 4-4. Digitized particle velocity gauge records from experiment 40-571 in
which anorthite was shocked to 10 GPa.
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Table 4-3
San Gabriel Atiorthosite Shock Wave Data
Projectile Initial Shock Particle Pressure Density Sound
Shot velocity Density Velocity Velocity Velocity(km/s) (MB/m3) (km/s) (km/s) (GPa) (MB/M3) (km/s)
40-572 1.575 2.656 5.648 .394 5.91 2.855 6.90
*.050 *.013 1.055 *.022 *.31 1.011 *.36
40-570 1.881 2.653 5.725 .493 7.47 2.903 7.59
*.050 *.067 *.117 1.020 *.28 1.014 1.10
40-571 2.351 2.653 5.985 .644 10.23 2.973 6.39
+.050 *.007 1.032 1.020 *.30 1.011 1.44
4;
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Table 4-4
San Marcos Gabbro Shock Wave Daia
Projectile Initial Shock Particle	 Pressure	 Density Sound
Shot	 Velocity Density Velocity Velocity Velocity
(km,/s) (MS/m3) (tm/s) (km/s)	 (GPa)	 (MB/m3) (km/s)
40-569 1.594
±.009
40-573 1.968
1.006
40-555 2.187
±.050
40-556 2.242
±.032
40-574 2.418
±.025
2.907 6.487 .286 5.39 3.041 6.5
±.008 1.035 ±.011 t.20 ±.004 ±.1
2.888 6.11 .474 6.36 3.129 8.5
1.001 1.30 ±.016 4-.14 ±.022 ±.4
2.892 6.66 .515 9.91 3.135 ---
2.007 1.19 ±.020 ±.34 1.015 ---
2.929 6.896 .515 10.41 3.165 7.0
1.039 ±.042 1.048 ±.0.84 ±.020 ±.5
2.874 6.404 .608 11.19 3.176 6.7
±.049 ±.016 1.052 ±.77 1.026 ±.5
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The observed release waves are nonsteady simple waves and can be inverted
to stress -density release paths by numerically integrating the equations for con-
servaLiun of mass and linear momentum (Cowperthwaite and Williams, 1371)
a	 P^.
aup h = P-C(up)	 (4-)	 i
r
Ift 
= POC (up)	 (4-3)aup h
where p is the density, p o
 is the initial density, v is the stress, u p is the particle
velocity, and h is the Lagrangian space coordinate along the direction of wave
propagation. The Lagrangian sound velocity is determined by the flnite
difference approximation
C (up) ;:d ^
	 (4-4)
E
where ph is the initial distance between gauges and At is the transit time for a
disturbance with particle velocity u p. In the case of anorthosite, the release
paths are smooth and single-valued (Fig. 4-4). The oscilloscope records were
digitized and integrated directly. The resulting release paths are consistent,
and are plotted in Fig. 4-5. Because of the noisiness of the gabbro records (Fig.
4-3b), it was necessary to approximate the rarefaction waves by smooth curves
before integrating. Complete release paths were not obtained (Fig. 4-6), and the
partial release paths are less consistent than those of anorthosite. Eulerian
Sound speeds, equal to P (up), were also calculated for the release paths in
both rucks. These are plotted as a function of stress in Figs. 4-7 and 4-8.
i
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Fig. 4-5. Hugoniot states and release paths of San Gabriel anorthosite. Included
are two Hugoniot states of anorthite glass (Boslough et al., 1983), with respec-
tive partial release states.
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Fig. 4-7.	 Eulerian sound speeds along release paths of shocked San Gabriel`
Y anorthosite.	 Hatched region indicates range of possible zero pressure bulk i
sound velocities.
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Discussion
Sound velocities of anorthosite from this study can be compares o those
measured ultrasonically for anorthosite rocks of similar composition (Birch,
1960, Birch, 1961, Simmons, 1964, Anderson and Liebermann, 1988, Liebermann
and Ringwood, 1976); At T = 25°C and P > 0.4 GPa, longitudinal velocities have
been measured in anorthosite with composition between An 49 and Angie in the
range 8.76 z vp z 7.47 km/s, and shear velocities in the range 3.87 s v e
 s 4.09
km/s. Bulk sound velocities,
4	 (	 )
vy = y;2 -^ 3 q v^	 4-5
are therefore in the range 5.04 s v,, :g 5.99 km/s. Fig. 4-6 demonstrates that in
all three shock wave experiments, the sound velocity approaches 5.2 km/s as
the rock releases to zero pressure, indicating a loss of shear strength upon
shock compression which is never regained. This is analogous to observations by
G ady et at.. (1975) for polycryst..alline quartz, where the loss of strength in that
material was attributed to heSerogeneous partitioning of shock energy into
"shear bands" in which melting occurs. Optical observations consistent with this
theory have been made for various minerals by Kondo and Ahrens (1983), and
for anorthite glass by Schmitt and Ahrens (1983).
Not as clear a case can be made for the loss of shear strength in gabbro,
due to the lover quality of the data. However, in most of the experiments the
measured sound velocities are consistently lower for the gabbro than for the
anorthosite.
d
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Release paths for anorthosite, illustrated in Fig, 4-5, are significantly
steeper than the Hugoniot.. Similar release behavior was observed in anorthite
glass (initial density 2.69 Mg/ tn3 ) by Ausluugh el al.. (1963b). The reason Car
the densification of the glass upon release was attributed to irreversible oonr-
paction of the amorphous material behind the shock wave to a denser for>q.
Partial release paths can be extrapolated to the anorthite single crystal density
of 2.76 Mg/ m9. This argument cannot be used to explain the release behavior of
anorthosite, hov roi—,r. The phase transformation;
NaAlSi 30A (albite) -► NaA1S A (jadeite) + Si0 2 (quartz or coesite) is a more rea-
sonable explanation, particularly in light of the identification of shock-induced
formation of jadeite from oligoclase in material from the Ries Crater in Germany
(James, 1969). The assemblage (anorthite) 30 + (jadeite + quartz) 82 has a density
of 3.01 Mg/ ms, and (anorthite) 36 + (jadeite + coesite)e2 has a density of 3.06
Mg/m3. At 293°K,
 NaA1Si2Oe + SiO2 are the stable phases above 0.6 GPa (Clark,
1866). The present experiments are well above the transformation pressure, ,'0
the only barriers to the phase transition are kinetic. The zero pressure density
of the released anorthosite can be used to estimate the amount of material
transformed. Yor example, the final densities are an the range 2.72 to 2.79
Mg/ m3 , which requires the transformation of from 42 to 73% of the albite to high
pressure phases. The possibility of pore-space crushing and irreversable com-
paction would bring this estimate down somewhat. It is clear from the data that
the fraction of albite transformed to high pressure phases is an increasing func-
tion of peak stress. This result is analogous to the conclusion of Grady et al.,
(1974) for higher pressures that the release path of shocked polycrystalline
quartz is controlled by the quartz - stishovite transition. The release data for
s 4`
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gabbro, plotted in Fig, 4-7 are not of good enough quality to resolve whether the
release paths are above or below the Hugoniot.
Conclusions
San Gabriel anorthosite loses shear strength upon shock to pressures
greater than g GPa. Because strength e@3cts can probably be neglected in this
material, its release beha., rior can be attributed to the phase transformation of
albit,e to jadite and quartz or coesite, The amount of material transformed is
controlled by kinetics, and is an increasing function of shock pressure. This
may be due to the localization of shock heating into shear bands, in which the
temperature is high enough for the phase transition to occur. The mechanical
result of the shear banding is plastic beha,.►ior upon release.
In calculation% by O'Keefe and Ahrens (1977) of energy partitioning of a
hyperve— ocity impact onto the surface of a planet, the release behavior of rocks
was assumed to be elastic-plastic (Fowles, 1960, Davison and Graham, 1979).
This assumption over-estimates the attenuation of the shock wave due to catch-
up of the rarefaction wave from. the free surface of the impacting body, because
the assumed sound velocities are hib_ .er than they actually are for plastic
behavior, as determined in this study. Thus a larger quantity of surface
material is shocked above a given pressure, and estimates by O'Keefe and
Ahrens (1977) of the fraction of meteoroid kinetic energy deposited in the plane-
tary surface material will be too lox.
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Appendix I
Wide Hand Optical Pyrometer Design
t
4
	The wide-band optical pyrometer is the temperature-measuring portion	 t
1
of the shock temperature-equation of state combination experiment at Caltech.
It was designed with the intention of giving up some of the spectral- and time-
^E
	resolution available with the six-channel narrow-band pyrometer (Lyzenga and 	 ^G
	Ahrens, 1979) in excshanae for increased sensitivity. It is over two orders of mag-	
?I
nitude more sensitive in spectral radiance than the narrow-band pyrometer, and
can be used to measure temperatures lower than 2500°K without
preampliflcation of the signals. At the same time, the loss of spectral- and
temporal.-resolution appears to be negligible in terms of data quality. Sensa-
thity might in fact be further increased by using even wider-band fitters.
The description of the optical pyrometer will proceed in the direction of
light flow, beginning with the target assembly (Figs. I-1, 3-3). Samples are trans-
parent solids about 17 mm in lateral dimension and about S tutni thick. Both
surfaces are lapped to optical quality, and the samples are glued to flat metallic
driver plates with epoxy. Great care is taken to minimize the gap between
c
	
	
driver plate and target, and it is generally on the order of one micron according 	 i
to measurements made by counting visible fringes with arr, optical flat. In some
A
cases the contact surface of the sample is silvered before attaching to the driver
plate in order to mask any flash which might occur when the shock wave transits
the gap.
j
t
=P	 ry
_ _	
yy
r	 +
ORIGINAL PACE iS
-124 -	 Of POOR QUALITY
i
-125-
The driver plates are the same as those used in standard equation of 	 r
state experiments. They are circular disks 35 mm in diameter and 2.0 mm
thick. and are mounted on the same LargeL assembly, in Lhe same manner as
the standard. experiment. As in the standard experiment, shorting pins are used
to generate a triggering pulse. Two pins are mounted on the driver plate 9 mm
above and below the center point so as not to block light radiated from the Sam-
ple. The pins protrude through holes drilled in the driver plate, so the projectile
reaches them about 200 ns before it collides with the target.	 The pins act as
high speed switches which short upon impact. They are biased at 335 V, and
when they close, a pulse is sent to the triggering circuits of the oscilloscopes
and streak camera.
Because the field of view of the pyrometer is greater than the diameter of
the sample, it is necessary that the edges be masked. It is also important that
the outer portions of the sample, where edge effects (two-dimensional flow)
might occur must also be masked from view. For this reason an aluminum
edge-mask is attached to the free surface of the sample. A circular hole, 6.35
i$
a
t	 a
mm in diameter, and concentric with the axis of the driver plate (which is {'F
aligned with the gun barrel) is the only path by which light can get to the pyrom-
eter. The edge mask also serves to hold the optical fibers--which carry light to 11
l
the streak camera and make up the equation of state portion of the combined
experiment--in position.
The light generated in the sample is reflected by an aluminized mirror,
turning it 901 toward the optical pyrometer port. The same mirrors and mirror
	 "
mounts as used in the standard experiment are employed, but light is reflected L
toward the pyrometer, which is in the opposite direction from the streak
3
^i
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camera. Also, the mirror mounts are slotted to provide an extra degree of free-
dom for optical alignment.
The port through which the light is reflected is covered with a glass win-
dow which separates the evacuated target chamber from the external instru-
ments, and protects the objective lenses from flying debris generated by the
impact. The objective is made up of two identical sets of achromats, with focal
lengths of 49.5 cm and clear apertures of 10.6 cm. The target is near the focal
point of the first achromat, with the beam folded by the turning mirror.
The converging light is separated into four legs by three beamsplitters
(Figs. I-2, I-3). The primary beamsplitter is an Ealing 22-8924 pellicle, or
stretched-membrane. The secondary beamsplitters are identical Mellen Griot 03
HTF 007 silvered plate-glass beamsplitters. Each of the four resulting beams
falls upon a detector assembly, which consists of an interference filter, a focus-
ing lens, and a silicon photodiode with a bias circuit (Fig. I-4). The filters are
25.4 mm in diameter and have wavelengths in the visible or near infrared,
between the effective bandwidth limits of the silicon photodiodes of 400 and 1100
nm. Most of the filters used have half-height bandwidths of about 40 nm.
Each channel utilizes an RCA C30822 N-type silicon pin photodiode, with
an active area of .20 cm2. In order to ensure that the image of the sample (and
calibration lamp, which is larger), falls entirely within the photodiode active
area, it was necessary to employ a glass focusing lens, with diameter 18 mm and
"	 focal length 15 mm. This lens is positioned between the filter and photodiode, iB	 P	 P	 ^
and demagnifies the image by a factor of about 0.2. The detector assembly is
mounted on athree-dim ens ional translation stage to allow alignment and focus.
The focusing lens and filter holder can be moved independently to permit
^,	 o-wHwR2^w.c.^+^.Jacnxvx^++m..s.^+.+ams+--.	 ._—.. _ _ e —
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Fig. 1-3. Photograph of four-channel wide-band optical pyrometer.
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Fig. 1-4. Circuit diagram for single optical pyrometer channel.
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separate adjustment of focus and demagnification.
This optical configuration ensures that each detector views precisely the
same image, only at a different wavelength. Thus, if the t udiation is heterogene-
ously emitted, as would be the case if shear bands or hot spots developed, the
average brightness would be measured by each detector. This eliminates the
possibility of corte detector viewing a hot spot while another views between hot
spots. Also, by viewing the entire unmasked portion of the target, the sensitivity
of the instrument is maximized (Fig 1-5). Because the image is demagnified
there is sufficient leeway in alignment and focusing; as long as the entire image
falls on the active area of the detector, it doesn't have to be centered or pre-
cisely focused.
The photodiode circuit is shown schematically in Fig. I-4. The circuit sup-
plies 45 V reverse bias from a battery to the photodiode. The signal is carried to
oscilloscopes by a 50 Q co dal cable, where it is terminated by a 50 Q termina-
tor. The principal recording oscilloscopes are Tektronix 485 models. These are
triggered by a pulse generated by the closing of shurting pills mounted rail the
target as described above. Backup recording is provided by Tektronix 475, 454,
and 545 oscilloscopes. These are set at lower zierisitivities and slower sweep
rates, and are triggered by the sariie pulse that triggers the second projectile-
velocity-determining flash x-ray. Tektronix series C-30 cameras with ASA 20,000
Pularoid type 612 ultra high speed iiistrurneiA recording film are used to record
the oscillograms.
The light gas gun on which these experiments are carried out is
	 I
described by Jeanloz and Ahrens (1977). Details on the operation of the light gas
gun and deterrniziation of the projectile velocity are discussed there.
I
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Fig. I-5. Diagram showing approximate sensitivity range of optical pyrometer.
Curves give spectral radiance as a function of wavelength for a 6.35 mm diame-
tet blackbud.y emitter at the position of the target. Dashed lines represent
fi	 wavelength of detectors in typical experiment. Unstippled area is within sensi-
tivity range of silicon photodiodes.
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Appendix II
Wide-Band Optical Pyrometer Calibration
The calibration procedure of the pride-band optical pyrometer was designed
to minimize calibration error. By 47alibrating the instrument in situ, geometry-
induced erica i are ax ­ Liimized. The same oscilloscopes used to record the sig-
nals are used in the calibrations, minimizing the number of oscillograms to be
which reduces possible reading and transfer error. Finally, because a
separate calibration is performed before each experiment, the effect of variabu-
ity in replacement windows and turning mirrors is taken into account. Also, any
contamination of optical components, such as dust or residue, becomes less
important, and components can be replaced readily.
A standard of spectral irradiance is placed in the position of the target iz
the impact chamber (Fig. II-1), and the pyrometer is aligned. Spectral irradi-
ance is the pov.er radiated per unit wavelength per unit solid angle, regardless
of the surface area of the radiator. The . standard source is a G.E. type
QS.6A/T4Q/iCL 200 Watt tungsten-filament quartz-halogen lamp, calibrated by
Optronics Laboratories, Inc. It is mounted on a dummy target assembly and
aligned in the same manner as a real target. It is driven by 6.50 Amperes from a
Hewlett-Packard Model 6266B DC power supply constant current power supply.
Current is monitored by a Keithley Model 173 Digital Multimeter, which meal-
	
3'
ures the voltage across a .005 G resister in series with the lamp. The light is
.'	 physically choppe,_ at about 200 Hz, and the resulting square wave is recorded.
	 #
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Fig. II-1. Photograph of pyrometer calibration set-up, with standard lamp in tar-
get position and chopper in place.
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The amplitude of the wave is divided by the spectral irradiance of the lamp at
the wavelength at which it is filtered, to determine the calibration factor. This
calibration factor is multiplied by the amplitude of the shock record to get the
spectral irradiance of the shocked material. To determine the spectral radi-
ance, from which the temperature is calculated, the spectral irradiance is
divided by the area of the hole in the edge mask. The solid angle needs not be
known, as long as the calibration lamp and the target are in the same position.
The measured spectral irradiance in the wavelength range of interest of the
calibration lamp is shown in Table II-1, as supplied by Optronics Laboratories.
Note that the units are µW/cm 2nrn at 50 cm, where the cm2 at 50 cm is a meas-
ure of solid angle and can be converted to steradians.
Table II-2 shows the uncertainty in lamp calibration as a function of
wavelength in the range of interest, also supplied by Optronics Laboratories.
This is the "reported uncertainty in the NBS 1973 irradiance scale along with the
uncertainty associated with the transfer from the NBS standard to the issued
200 Watt standard". There is another 1% uncertainty quoted by Optronics in the
stability of the lamp.
Because of the large (40 nm) half-height bandwidths of the filters used with
thi« pyrometer, it is necessary to calculate the effective central wavelength of
each filter, which is dependent on the spectral dependence of the other optical
components, and on the temperature of the source. The other optical com-
ponents have a weak spectral dependence relative to the filters, and this does
not change greatly from shot to shot as components are replaced. it is thus
possible to use nominal values published in component specifications, and meas-
ured values for the expendable components (the mirror and window) without
r.
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4Wavelength (nn) Spectral Irradiance(l)
400 .438
450 .908
500 1.52
550 2.21
600 2.90
650 3.52
700 4.07
750 4.50
600 4.77
900 5.01
1000 4.92
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Table II-1
Standard lamp calibration
liance in microvatts per (cm2 nanomet^.r) ;4i a distance of 50
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Table II-2
Spectral irradiaiw: a uncertainties of standard lanip
Wavelength
(nip)
NHS Uncertainty ()
(7.)
Transfer Uncertainty(2)
M
250
350
450
555
055
800
1300
1800
2.5
1.4
1.2
1.0
0.75
0.9
0.7
0.7
1.1
0.8
0.5
0.5
0.5
0.7
0.8
1.0
1. Reported i
scale on which
2. Uncertaint+
Optronics Lab;
r
t
r^^
4
x#
r2(A) = RUTWT2LRB 1RB2TiRd-
r3(,\) = RHTWrLTB,4j Rd.
r4(a) = RuTWVILRBITBIT^Rd.
j
^z
an
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greatly affecting the results. The wavelength- dependent parameters of the vari-
ous optical components (Fig. II-2) are:
RK(X) = reflectance of the aluminized turning mirror; a typical mirror was meas-
ured at the Lawrence Livermore standards laboratory.
TW(A) = transmittance of a typical glass port window; measured at Caltech with a
Cary Model 17 spectrophotometer.
TL(X) = transmittance of one Jeagers 35B1542 objective lens; measured at Cal-
tech.
TBI(X) = transmittance of Ealing 22-8924 pellicle beamsplitter; from Ealing
Optics catalog.
4A) = reflectance of Ealing 22-8924 pellicle beamsplitter; from Ealing Optics
catalog
TBA) = transmittance of Melles-Griot 03BTF007 plate-type beamsplitter; from
Melles-Griot Optics catalog.
RBE(X) = reflectance of Melles-Griot 03BTF007 plate-type beamsplitter; from
Melles-Griot Optics catalog.
Tj (,\) = transmittance of filter i; measured at Caltech.
TI(X) = transmittance of Melles-Griot 01LAGO03 aspheric glass focusing lens;
measured at Caltech
Rj(,\) = rj(X)Tj(A) net spectral responsivity of channel L
rj(X) = net spectral reduction factor of channel i
r i (A) = RMTWT2LTB,TB2TjRd.
Rd
Fig. 11-2. Schematic of optical pyrometer (Compare to Fig. 1-2).	 Symbols are
..d	 explained in text.
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The mean wavelength of channel 1 is therefore
, rs(X)Tf(X)XdX
^
rj(X)Tj(X)dX
0
There will also be a shift in effective wavelength as a function of tempera-
ture of the source, and this should be included. To calculate the shift, we must
assume a priori, that the source radiates a Planck function. This assumption will
also need to be made in order to reduce the data, so nothing is lost in making it
now. The data will confirm the validity of the assumption, in the cases studied
(Appendix III).
Fy
k
3
h
f
The mean effective wavelength as a function of temperature is
w
,r ri (a) Tt (X) f(T, X) AdX
Tj = °i	 (II-2)
^
rj(X)Tj (X)f(T.X)dX
0
where f(T,X) is the Planck function
hC
f(T,X) a	 kshT _1) -1.	 (II-3)
Ube mean effective wavelengths of the channel-filter combinations which
have been used are plotted in Figs. II-3 and II-4. The calibration lamp tempera-
ture is about 2700°K, so the effective wavelengths for calibration are those at
2700°K. The appropriate spectral irradiance is found by interpolating between
TT_t
i
i
x
rt
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Fig. II-3. Mean effective wavelength X of four wavelength-channel combinations,
normalized to nominal filter wavelength A,.
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Fig. H-4. Mean effective wavelength  of three wavelength-channel combinations,
normalized to nominal filter wavelength X..
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Appendix III
Measured spectral radiances and calculated
temperatures
The measured spectral radiances used to calculate shock temperatures are
reported here. In Tables III-1 and III-2, spectral radiances obtained :n seven
shots conducted with the narrow-band six-channel optical pyrometer at
Lawrence Livermore National Laboratory are tabulated. The design, calibration,
and execution of experiments with this instrument are described by Lyzenga et,
1 w
al. (1979) and Lyzenga (1980). Because narrow bandwidth (10 nm wide) filters
f	
,
have been used with this instrument, the effective wavelengths are not a func-
tion of temperature. Table III-3 gives the spectral radiances measured at Cal-
tech using the wide-band four-channel optical pyrometer for five experiments.
f^
This table includes the effective wavelength of each channel, which is
temperature-, and therefore shot-dependent.
The temperature is calculated in all cases assuming a Planck distribution of
radiated light
C2
N.\	 EC 1X-5 (e ,`T --1)-i ,	 (I'lI-1)
where Nj, is the spectral radiance in WSr-lm-s, s is the emissivity, X is
wavelength in m, and T is absolute temperature in °K The constants are
Cl = 1.191 x 10-16 and C2
 = 1.439 x 10-2. The measured spectral radiances and
A	 _
....„,,,,,.. ... ♦^ _.... _	
.may:.:.-:^,-YT,t^+rJt&..t«.m+^^.m .TM-^^".^^__,..,. _	 ^	 °
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the best fitting blackbody Planck curves (with e a 1.0) are plotted together in
Figs. 111-1 through 111-12.
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Table III-1
Calu;ium oxide spectral radiance data
Channel
Ca01T Ca02T Ca03T
X(I)	 N12I a	 r:^ A Na
1 450.2 13.9 450.2 1.38 450.2 32.1
:0.9 ±0.30 t2.1
5 507.9 1816 507.9 2.11 507.9 32.4
t 1.0 ±0.25 t2.0
2 545.1 17.3 545..1 2.72 545.1 34.2
:1:1.4 ±0.38 t2.3
6 598.0 19.6 598.0 2.31 598.0 33.7
t1.2 ±0.33 ±2.0
3 650.0 16.4 650.0 2.47 650.0 27.8
±0.9 ±0.23 ±1.6
4 792.0 12.3 792.0 2.78 792.0 18.9
±0.6 +0.34 4-1.2
1.Wavelength (a) in nm.
2. Spectral radiance (NX) in 1012
 Wm-3Sr'1.
^'	
A
Iit
}
j
T
^l.
•,
Mr. M.Y.
Channel
AnlT An2T An3T
atlg	 N42) A	 Nj\ x Na
1 450.2 11.4 450.2 1.92 450.2 W. 109
±0.6 10.15 ±0.070
5 507.9 13.3 507.9 2.73 507.9 0.327
t©.5 ±0.29 10.049
2 545.1 14.9 545.1 3.24 545.1 0.489
±0.8 ±0.13 10.094
6 598.0 14.3 598.0 3.72 598.0 0.433
10.4 10.23 10.044
3 650.0 14.5 650.0 4.09 650.0 0.670
±0.7 10.21 10.123
4 792.0 11.5 792.0 4.34 792.0 0:951
10.3 ±0.32 10.044r
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Table 111-2
Anurihite glass spectral radiance data
1. Wavelength (X) in nm. 4
µ 2, Spectral radiance (N.\) in 10 12 Wm"3Sr -1 . M
it
#t
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	 f
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r
Y.
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Table III-3
Anorthite glass spectral, radiance data
Y
Channel
An5T An6T An7T An9T An10T
alll	 NX(2)
454.8
NA
0.0137
x	 NA
e°	 scal
A
53..5
N1,
2.18
a
453.0
N..
23.51 454.4	 0.0455
10.0078 10.00 76 f0.09 11.2
2 556.8 0.165 557.2 0,,0595 603.2 3.98 602,8 19,0
10.014 ±0.0105 off scale 10.14 10.7
3 647.6. 0.314 847.6 0.0128 747.5 4.25 747.3 19.0
10.028 10.019 of! scale ±0.15 11.6
4 748,3 0.412 748.4 0.0228 903.3	 0,623 903.3 3.77 903.3 11.9
t0.036 10.024 10.026 10.17 10.5
1. Wavelength (A) in nm.
2. Spectral radiance (Na) in 10 12 Wm-3,9r-1.
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FlIg. III-1. Spectral radiance data for shot AnlT.
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An7T T=4564°K
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Lyzenga, i^I,A., and T . J. Ahrens, A multi wavelength optical pyrometer for 	 a
shottk compression experiments, Rev, Sot. Instrum„ 50, 1421-1424, 1979.
Lyzenga, G.A., 'Shock temperatures of materials: experiments and applica-
tions to the high pressure equation of state, Ph,D. Thesis, Calif. Inst. of
Technol., Pasadena, 1980.
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Appendix IV
Particle Velocity Experiment Design
The purpose of the larticle velocity experiment is to provide Hugoniot,
sound speed, and release data in a single experiment. The experimental design
is similar to those of Grady et al. (1974), Larson and Anderson (1979), and Kiondo
Et al. (1960), and makes use of electromagnetic particle velocity gauges ('UXemin
and Shvevdov, 1974). Gauges are oriented in a steady, uniform magnetic field
such that the active element of the gauge, the magnetic field lines, and the
direction of motion are all mutually perpendicular (Fig. IV-1), t -4Yid the gauge
leads are parallel to the magnetic field. An electromotive force is induced along
the length of gauge element, proportional to the velocity of the gauge. For a
gauge with effective length h in a magnetic field B, the potential measured
across the gauge leads is
V(t)=BLup(i)	 (IV-1)
where up is the particle velocity of the material in which the gauge is embedded.
Gauges were photoetched from 10.0 µrn thick copper foil with a 12.5 µm
thick polyamide (Kapton) film backing. The active elements of the gauges were
0.9 to 1.0 cm long (Fig. IV-2). The precise effective gauge length (used in equa-
tron IV-1) is dependent on the geometry of the gauge due to edge effects from
the leads and the finite gauge width. It is about equal to the center-to-center
lead distance of .95 cm.
4f	 ^
IWO
^ ctromagnetic particle velocity gauge with respect to
velocity, U.
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Rock samples were constructed by sawing rectangular slabs about 3.2 cm
by . 4.5 cm and grinding them to a uniform thickness of about 1.5 mm.
Archimedeant densities were determined for each slab individually. Fuur slabs
were bound together with epoxy, with three gauges at the interfaces and one at
the free surface, The mean thickness of the glue at each interface was 9µm, as
determined by measuring the total thickness of the completed target and sub-
tracting from it the thicknesses of the individual component slabs and gauges.
All four sets of gauge leads extended from the sample in the same direction,
along the long axis of the slabs, such that the gauges were all parallel and even.
Coaxi.-il cables were soldered to the gauge leads, and were connected to oscillo-
scopes for the shot. A typical rock target is pictured in Fig. IV-3.
Water targets were constructed similarly, with the slabs replaced by 1.5
mm thick fiberglass rings. The polyamide membranes were tightly stretched
over the rings, and the rings were bonded together with epoxy. They were
mounted on a 3,0 mm thick polycarbonate (Lexan) driver plate, and each cell-
like space between the sets of gauges was injected with distilled water. The dis-
tance between the gauges was determined by focusing a microscope on each
gauge and recording the difference in focal positions, and correcting for the
index of refraction the water between the gauges. A water target is pictured in
Fig. 1V-4.
In Fig. 4-1, the entire particle velocity experimental assembly is shown
l	 4
schematically, with a rock target mounted on the center of the axis of a set of
Helmholtz coils, which supply the magnetic field. To ensure mutual perpendicu-
larity between the gauge, field, and particle velocity, the target is aligned by•?
shining an alignment lased 'beam down the gun barrel and adjusting the target
I- 164	 OE::^'i
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Fig. IV-3. Typical rock sample, with free-surface gauge visible.
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Typical water sample.
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until the beam is reflected back up the barrel by a mirror mounted on the tar-
get front surface.
The Helmholtz coils (Pig. IV-5) have a radius and separation of 14.1 cm, and
are wound with four turns of gauge 10 copper wire. The magnetic field at the
center point of the coil axis is constant to third order, and equal to
where A. is the permeability constant, I is the current, N is the number of turns
and r is the radius and -distance between coils. The field is typically about 1.8
kG. The current is supplied by a bank of 5 15 µF capacitors charged to 5.0 kV,
and reaches its peak value of about 6.7 kA in about 60 As (Fig. IV-6). Because
the time scale of the experiment--which is determined by the shock and rarefac-
tion transit times through the sample (R' 2µs)-- is short compared to the period
of the capacitor-coil circuit (a 250µs), the timing can be controlled so that
impact occurs at the peak current, when the field is effectively constant.
A simplified circuit diagram is shown in Fig IV-7. As the projectile
approaches the end of the gun barrel, it interrupts a timing laser beam. This
sends a signal to a trigger delay unit, which, after a pre-determined delay, sends
a pulse to an EG&G TM-11 trigger module, closing a spark gap which in turn fires
F- an ignitron, which dumps the charge in the large capacitor bank through the
Helmholtz coils. The current is monitored by a Pearson Electronics Inc. Model
301x Wide Band current transformer, which is fed into a Tektronix Model 545A
,, f
Oscilloscope, which is triggered by the same pulse that triggers the ignitron.
4
r 
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Fig. IV-5. Helmholtz coil assembly, with rock target in place.
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Fig. IV -6. 0scillogram showing time dependence of current through Helmholtz
coils during experiment. Sharp pulse at current peak is fiducial mark. which
indicates time at which impact occurs.
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In the signal circuit, self-shorting coaxial shorting pins are used to trigger
all four oscilloscopes and a f1ducial generator. The f1ducial pulse arrives at each
oscilloscope 100us after the osc:illosc;ope trigger. It is 50n;s wide, and is feel into
the Z channel of each scope. It leaves a gap in the trace which allows synchroni-
zation of the signals along the time axis. Each foil lead is connected to the
center lead of a coaxial cable and the cable shields are grounded together. The
two cables are connected to the two oscilloscope channels and terminated by
500, and the scope is operated on differential mode in order to reduce line
noise. Tekronix 475 and 485 models were used in conjunction with Polaroid cam-
eras to record the signals. Time and voltage calibrations were conducted using
the Tektronix 485 built-in calibrators.
Not all the particle velocity experiments were conducted with the exact cir-
cult design and set-up outlined above. For example, in some experiments only
one cable per gauge was used and the oscilloscopes were not operated in
differential mode; and in the early (not always successful) experiments, smaller
coils and different gauge fabrication techniques were used, The experiment
described here was a product of evolution, and was the most successful.
^r
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